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1.1 Introduction 
 
Throughout the world an ever increasing number of people seek 
orthodontic treatment to correct their dental irregularities.1 In the 
US alone there are approximately 10 million active patients which 
is about 3.3 percent of the total population. This percentage has 
been more or less stable between 1987 and 2004, but due to the 
growing population there is an increase in the absolute demand for 
orthodontic treatment over time. Most of the orthodontic 
interventions are considered successful, but some serious 
problems remain, such as root resorption, decalcifications, 
sensitive teeth, long treatment duration, and relapse, which is the 
tendency of teeth to return to their pretreatment position.2 To 
further optimize treatment, more in depth knowledge is needed on 
the general biological mechanisms that regulate orthodontic tooth 
movement, and, more specifically, on the mechanisms that  are 
related to the problems mentioned above.  
The application of an external force to a tooth leads to strain in 
the periodontal tissues, which in turn, leads to multiple cellular 
responses. This adaptation to the changed mechanical 
environment results in remodeling of the periodontal ligament 
(PDL) and the alveolar bone, and ultimately in tooth movement.3-5 
However, the exact cellular responses that occur after force 
application are only partly known, as are the specific roles of the 
involved mediators.  
Scientific studies in the field of orthodontics can be divided 
into several categories. Firstly, clinical research that investigates 
the safety and efficacy of orthodontic appliances, diagnostic tools, 
and treatment regimens.6,7 These studies generally evaluate the 
clinical outcome in terms of morphological changes of the dentition 
and the facial appearance. Clinical studies may also focus on the 
analysis of gingival crevicular fluid (GCF), an exudate of the PDL 
that flows into the sulcus around the tooth. It contains biochemical 
factors, some of which are involved in the remodeling of the PDL 
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and the alveolar bone. Their expression level can be used as a 
measure for biological activity within the PDL.8-11 For example, the 
levels of some  cytokines and prostaglandins in the GCF increase 
already within the first 24 hrs after the start of force application, 
while certain matrix metalloproteinases (MMPs) and mediators of 
osteoclast differentiation and activity increase within the first few 
days.9,12-14 
A second type of research comprises animal experimental 
studies in a wide variety of species such as dogs, rats and mice. 
Animal experiments allow the use of more standardized 
orthodontic tooth movement regimens, and the study of histological 
samples. This type of research has yielded more insight into the 
relation between force level and rate of tooth movement, and the 
accompanying histological changes.15-21 Immunohistochemical 
studies have confirmed that specific cytokines are involved in 
orthodontic tooth movement.22,23 Animal experiments also allow the 
evaluation of the effect of medication on orthodontic tooth 
movement.24-26 
The third type of research is in vitro research, comprising cell 
culture  and microbiological studies, but also studies on the 
mechanical and chemical properties of wires, brackets, or bonding 
materials. For example, studies on the effects of mechanical 
loading on PDL cells have shown that the production of several 
cytokines and MMPs is changed.27,28 In vitro techniques  also 
enable the study of the effects of mediators or drugs on isolated 
PDL cells under controlled conditions.29-31 
Lastly, computer simulations of (parts of) the dento-alveolar 
complex allow detailed studies of the biomechanical properties of 
the tissues involved in orthodontic tooth movement. Such studies 
have shown that the PDL cannot be considered a simple linear 
elastic material, but that it behaves as a fiber-reinforced 
poroviscoelastic material.32-36 
The above mentioned types of research provide 
complementary knowledge of the biological processes in tooth 
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movement and may help to improve of the outcomes of clinical 
orthodontics.  
 
 
1.2 Changes in the periodontium in physiological conditions 
and during orthodontic tooth movement 
 
The extracellular matrix (ECM) of the PDL provides structural 
support to the cells and transmits the mechanical cues generated 
by physiological forces such as chewing, as well as by orthodontic 
forces. A major part of the ECM consists of collagen fibers that run 
from bone to tooth in the PDL and from tooth to tooth in the supra-
alveolar region.37,38 The collagen fibers provide strength and 
resilience to the PDL while attaching the tooth to the alveolar bone, 
and thereby also protect the tooth and the alveolar bone against 
chewing forces. The ECM of the PDL further contains 
proteoglycans that bind large amounts of water and thus contribute 
to its mechanical properties. These proteoglycans can also harbor 
growth factors that, once released, can influence the behavior of 
fibroblasts, macrophages, osteoblasts, and osteoclasts. These 
cells are responsible for remodeling of the PDL and the alveolar 
bone in normal, physiological circumstances and thus allow growth 
and maintenance of tissue integrity. 
Due to chewing forces and interdental contact during 
swallowing, the tooth is subjected to continuously changing 
external forces. Adaptive remodeling starts when long-term strain 
in the tissues leads to displacement of fluid through the tissue. 
This so-called fluid flow deforms fibroblasts, macrophages and 
osteoblasts which are triggered to produce factors that stimulate 
cell differentiation and remodeling of the PDL and the alveolar 
bone, ultimately leading to tooth movement.39-41 The regulation of 
tissue remodeling and tooth movement by specific mediators is 
further explained in chapter 2. 
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The application of an orthodontic force to a tooth thus results in the 
movement of that tooth through the alveolar bone. The initial 
change in mechanical conditions and the subsequent cellular 
reactions disturb the homeostasis of the alveolar bone around the 
tooth. Increased osteoclast differentiation and activity induces 
bone resorption at one side of the tooth, while increased osteoblast 
differentiation and activity induces bone apposition at the opposite 
side. Concurrently, remodeling of the PDL is increased in both 
areas. These remodeling processes enable the tooth to move 
through the alveolar bone.  
 
 
1.3 Matrix remodeling during orthodontic tooth movement 
 
Degradation of the ECM is mainly mediated by a group of enzymes 
called matrix metalloproteinases (MMPs), as well as by cysteine 
proteinases such as cathepsins.42,43 Like MMPs, cathepsins form a 
large family of enzymes able to degrade proteins, but in contrast 
they function in an acidic environment such as in bone resorption. 
They are mainly expressed by osteoclasts and macrophages and 
to a lesser extent also by osteoblasts, fibroblasts, and 
neutrophils.44-46 The degradation of ECM is controlled  by a 
delicate balance between active MMPs and tissue inhibitors of 
metalloproteinases (TIMPs).47 Both the loading and unloading of 
PDL fibroblasts in vitro leads to increased expression of MMPs.27,48 
This is supported by clinical research showing increased levels of 
MMPs in GCF at both the resorption and apposition sides of an 
orthodontically moving tooth.12,14,49,50 In animal experiments, the 
expression levels of MMPs and TIMPs were also increased at both 
the apposition and the resorption sides in the PDL as well as at the 
resorption side of the gingiva during orthodontic loading.30,51 MMP 
production and activity can be stimulated in vitro by local growth 
factors and cytokines, but also by hormones such as relaxin.52,53 In 
vivo such factors may also increase the rate of orthodontic tooth 
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movement. The enhanced degradation of ECM components by 
MMPs, as for example in periodontitis, can be inhibited by 
chemically modified tetracyclines (CMTs).54 These CMTs lack 
antimicrobial activity but have retained their ability to inhibit MMP 
activity.55 They might also be employed to counteract relapse, 
since MMPs are the main enzymes for ECM remodeling during 
orthodontic tooth movement.  
 
 
1.4 Collagen turnover during orthodontic tooth movement 
 
Under physiological conditions, collagen fibers connect the tooth to 
the alveolar bone, and collagen synthesis equals collagen 
degradation all around the tooth. During orthodontic tooth 
movement, however, the degradation of the collagen fibers prevails 
at the resorption side, while at the apposition side, collagen 
synthesis prevails over collagen degradation to maintain the 
attachment. The turnover of collagen is determined by the rate of 
both these processes. The degradation of collagen can be 
described by its half-life. Literature reports a wide variety in the 
half-life of collagen in the PDL and gingiva in physiological 
conditions, ranging from several hours to more than 10 days.56-58 
This variation is probably due to the use of different analytical 
techniques such as autoradiography and liquid scintillation 
counting. 
During orthodontic tooth movement the physiological condition 
of the PDL is disturbed. Although the collagen half-life has never 
been determined in this situation, it can be hypothesized that 
collagen degradation overpowers synthesis at the compression 
side, thus shortening collagen half-life, and, in contrast, synthesis 
overpowers degradation at the tension side leading to a longer 
half-life.51,59-65 A standardized and accurate assessment of the half-
life of collagen in physiological conditions as well as during 
orthodontic tooth movement could clarify the role of collagen in 
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tooth movement. Local differences in the turnover-rate of collagen 
at specific locations around the tooth may also add to our 
understanding. The presence of long-living supra-alveolar fibers 
may indicate a role in relapse, as has been suggested by several 
authors.66-69 Currently, it is well-accepted that collagen turnover in 
the PDL is crucial for orthodontic tooth movement but the exact 
changes induced by orthodontic forces require further study. 
 
 
1.5 Aim of the study 
 
The biological mechanisms that regulate orthodontic tooth 
movement are complex and still not well-understood, and a better 
comprehension of the biological processes taking place during 
orthodontic tooth movement could enable optimization of treatment 
modalities.  
Collagen turnover in the periodontal ligament, is a crucial 
process, not only for maintaining the position of teeth under 
physiological conditions, but also for adaptation of the tissues 
during orthodontic tooth movement. Moreover, also relapse after 
treatment involves collagen turnover. 
 
The specific research aims of this thesis are:  
- To review the available literature on the regulation of  
  orthodontic tooth movement, and to summarize this in a  
  theoretical model (chapter 2). 
- To investigate the effect of relaxin, a hormone that stimulates  
  MMP production, on human PDL cells in vitro. (chapter 3) 
- To investigate the role of MMPs in orthodontic tooth  
  movement by administering an inhibitor of MMPs during  
  orthodontic tooth movement in rats (chapter 4). 
- To analyze the turnover of collagen fibers at multiple  
  locations in the gingiva and the PDL under physiological  
  conditions in rats (chapter 5). 
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- To analyze the turnover of collagen in the gingiva and PDL  
  during orthodontic tooth movement in rats (chapter 6).  
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Summary 
 
This review describes the mechanical and biological signaling 
pathways during orthodontic tooth movement and provides an 
update of the current literature. A theoretical model is introduced to 
elucidate the complex cascade of events after the application of an 
orthodontic force to a tooth. In this model, the events are divided 
into four stages: matrix strain and fluid flow, cell strain, cell 
activation and differentiation, and remodeling. Each stage is 
explained in detail and discussed using recent literature. 
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2.1 Introduction 
 
Since the first extended reports at the end of the 19th century,1,2 
there have been tremendous developments in the field of 
orthodontics. The acquired knowledge is being used to treat an 
increasing number of subjects with malocclusions that seek 
orthodontic solutions for their psychosocial, functional, or dental 
problems.3 
A law in orthodontics is that a tooth can be moved through the 
alveolar bone when an appropriate orthodontic force is applied. 
This is based on the principle that a change in mechanical loading 
of a biological system results in strain, which subsequently leads to 
cellular responses aiming at adaptation of the system to the 
changed conditions. As a result of this principle, remodeling of the 
periodontal ligament (PDL) and the alveolar bone around a tooth 
takes place during orthodontic force application. It is possible to 
find detailed descriptions of processes occurring during orthodontic 
tooth movement in the literature,4,5 but a concise overview of the 
induction processes is still lacking. Therefore, the aim of this 
review is to describe the mechanical and biological processes 
taking place during orthodontic tooth movement and to provide an 
update of the current literature. To elucidate the complex  cascade 
of events after the application of an orthodontic force on a tooth, a 
new theoretical model based on the existing knowledge is 
introduced. 
 
 
2.2 Terminology 
 
In orthodontics, the two sides of a tooth during tooth movement are 
normally called the pressure and tension side. The term ‘pressure’ 
suggests a loading of the PDL and the bone by the orthodontic 
force. However, this is not what occurs. The apparent contradiction 
can be explained by two phenomena. First, the presence of 
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collagen fibers of the PDL that connect the tooth with the alveolar 
bone. At the so-called pressure side, these fibers are unloaded 
leading to unloading of the alveolar bone, resulting in its 
resorption.6 Second, a redistribution of fluid in the PDL leads to a 
rapid return to normal tissue fluid pressure within the periodontal 
space. The above explains the importance of the correct use of 
terminology in orthodontics. To avoid further confusion, the more 
accurate terms resorption and apposition side instead of pressure 
and tension side will be used. 
 
2.2.1 Theoretical model 
The model shown in Figure 1 demonstrates the main processes 
taking place after the application of an orthodontic force. In this 
model, the force is assumed to be exerted on a single tooth leading 
to bodily tooth movement. A period of arrest in movement often 
takes place after application of a force, caused by local tissue 
necrosis.7,8 Tooth movement through the bone can only start after 
the removal of this necrotic or hyalinized tissue by phagocytic cells 
such as macrophages, foreign body giant cells, and possibly 
osteoclasts.9,10 Since it is not essential for the bone remodeling 
process during tooth movement and, for the sake of clarity, this 
hyalinization period and the subsequent inflammatory reaction is 
not included in the model. The attachment of the tooth to the bone 
is schematically shown in Figure 2. A visualization of the changes 
in the system that take place after external force application is also 
shown.  
The theoretical model describes four stages in the induction of 
tooth movement. These stages are as follows: (1) Matrix strain and 
fluid flow (Figure 1a). Immediately after the application of an 
external force, strain in the matrix of the PDL and the alveolar bone 
results in fluid flow in both tissues. (2) Cell strain (Figure 1b). As a 
result of matrix strain and fluid flow, the cells are deformed. (3) Cell 
activation and differentiation (Figure 1c). In response to the 
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deformation, fibroblasts and osteoblasts in the PDL as well as 
osteocytes in the bone are activated. (4) Remodeling (Figure 1d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  A theoretical model of tooth movement. The model describes four  
  different stages in the induction of tooth movement. Frame (a)  
  represents matrix strain and fluid flow, (b) cell strain, (c) cell  
  activation and differentiation, and (d) remodeling of the periodontal  
  ligament (PDL) and bone. 
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A combination of PDL remodeling and the localized apposition and 
resorption of alveolar bone enables the tooth to move. These 
stages will be described in more detail in the following sections. 
 
 
 
 
 
 
 
Figure 2  Schematic drawing of a tooth, the periodontal ligament with cells and  
  alveolar bone. (a) An external force is applied (arrow). (b) At the 
  apposition side, fibers are stretched. Compression of fibers takes  
  place at the resorption side. (c) After prolonged force application,  
  bone formation by osteoblasts can be found at the apposition side  
  and osteoclasts resorb the  bone at the resorption side. 
 
2.2.2 Matrix strain and fluid flow (Figure 1a) 
Immediately after the application of a force, the tooth moves within 
its socket for a certain distance. The amount of movement 
depends on the biomechanical properties and the dimensions of 
the PDL. This movement leads to a positive strain (tensional 
deformation) within the PDL at the future apposition side of the 
root11 and, therefore, a stretching of the collagen fibers, which 
connect the tooth to the bone.12,13 At the future resorption side of 
the root, a negative strain (compressive deformation) is induced 
within the PDL11 and, consequently, the fibers are relaxed.13,14 The 
strain depends on the material properties of the PDL and the 
applied force. The material properties of the PDL have been 
analysed by measuring tooth displacement in relation to an applied 
load in both animal and human experimental settings.15-19 
However, these studies have yielded highly variable results. The 
data have been used in finite element models in an attempt to 
calculate the strain distribution within the PDL under specific 
loading conditions.16,20,21 Increasing evidence exists for a non-
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linear and time-dependent relationship between force and 
displacement, indicating that the PDL is viscoelastic.17,19 This 
behaviour can be described with the viscoelastic properties of only 
the PDL fibers,16,18,20,22 but a two-phase fiber-reinforced 
viscoelastic model seems to be more realistic. The latter model 
predicts an almost immediate fluid flow in the PDL after force 
application at both the apposition and resorption sides, followed by 
an increasing strain of the viscoelastic matrix, which is mainly 
determined by the collagen fibers. This model can very well explain 
in vivo data on the mechanical behaviour of the PDL (unpublished 
data).  
In addition, the external force also results in a strain in the 
alveolar bone at the apposition side through the collagen fiber 
bundles that connect the tooth to the bone.19,23 An important theory 
that describes the reaction of bone to strain involves the effect of 
fluid flow on bone cells.24-26 This fluid shear stress theory is based 
on the presence of osteocytes entrapped in lacunae within the 
bone. These cells are interconnected by protrusions that run 
through tiny channels in the bone called canaliculi. The strain of 
the bone results in a fluid flow through the canaliculi leading to 
shear stress on the osteocytes, which are then activated. It has 
been suggested that in areas of reduced canalicular fluid flow, 
apoptosis of osteocytes occurs, which subsequently attracts 
osteoclasts to the site.27,28 This could be the case at the resorption 
side of the tooth where an unloading of the bone might result in a 
reduction of fluid flow. Indeed, it has been shown in mice that 
unloading of bone leads to increased osteocyte apoptosis followed 
by bone resorption.29 This concept of mechanosensing of 
osteocytes by strain-derived canalicular fluid flow is supported by 
in vitro data.28,30-33 Studies in animal models also support this 
theory34,35 and the actual canalicular fluid flow itself has been 
shown in the rat tibia.36 
Two alternatives for the fluid flow theory have been proposed. 
The first assumes a direct mechanical stimulus on cells within the 
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bone by an external force.37,38 This direct loading effect is 
supported by in vitro studies. However, the strains used were much 
higher than those believed to occur in bone.39,40 Direct mechanical 
loading with strain levels similar to those measured in vivo evokes 
no cellular reaction in human osteocytes in vitro.32,41 
The second alternative theory is based on the principle that 
bone microdamage evokes a cellular response.42,43 This 
microdamage theory developed from the hypothesis that 
microcracks occur in the bone as a result of material fatigue. This 
might lead to apoptosis of osteocytes around the cracks which, as 
mentioned previously, attracts osteoclasts to the site.44,45 Animal 
studies show increased amounts of apoptotic osteocytes in 
combination with increased numbers of osteoclasts after 
mechanical loading of bone.46,47 Furthermore, increased numbers 
of microcracks have been found at the resorption side during the 
initial phase of orthodontic tooth movement in pigs.48 This suggests 
that not only reduced fluid flow but also microcracks might cause 
apoptosis of osteocytes. The microcracks reflect the initial damage 
of the bone that is subsequently remodeled. 
In summary, the application of an external force to a tooth 
strains the matrix of the PDL and evokes a fluid flow in the tissue. 
Simultaneously, according to the fluid flow theory, a strain in the 
bone induces canalicular fluid flow, which results in a shear stress 
on osteocytes. In addition, microdamage of the bone after force 
application might be involved. 
 
2.2.3 Cell strain (Figure 1b) 
Direct deformation of PDL cells is possible via transduction of 
strain through cell-matrix attachments49 and indirect deformation 
might be induced by fluid flow.50 The cell-matrix attachments are 
formed by binding of the extracellular domains of integrins to 
extracellular matrix (ECM) proteins. Integrins are transmembrane 
proteins with an extra- and intracellular domain. Inside the cell, the 
cytoplasmic domains of the integrins connect to the cytoskeleton 
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via a multiprotein complex.51 This focal adhesion complex not only 
transduces matrix strain to the cytoskeleton but also activates 
protein kinases that initiate a variety of intracellular signaling 
pathways.52,53 It is not exactly clear how signal transduction after 
indirect deformation by fluid flow takes place, although the 
cytoskeleton is probably also involved. Alternatively, specific flow 
receptors on the cell surface have been proposed.54,55 
Whatever the exact mechanism, PDL cells need to be highly 
sensitive to mechanical stimuli. This is indeed shown by in vitro 
studies, in which PDL fibroblasts react to direct deformation by the 
production of cytokines and other mediators, and matrix 
metalloproteinases (MMPs) that degrade collagen.56-58 Some 
important mediators will be discussed in the next section.  
Many in vitro studies have  employed culture dishes with a 
flexible bottom that is stretched, which directly deforms the cells.59 
Indirect mechanical deformation has been performed in vitro by the 
application of a pulsating fluid flow. These data show that not only 
direct cell  deformation but also fluid flow-induced deformation 
leads to cellular responses in PDL fibroblasts.60 In vivo, 
mechanical stimulation by orthodontic forces also increased the 
levels of mediators in the PDL such as interleukins.61,62 Besides 
fibroblasts, osteoblasts within the PDL are also sensitive to 
mechanical stimulation. Mechanosensing of osteoblasts was 
shown by the release of signaling molecules such as 
prostaglandins by human osteoblasts after direct and indirect 
deformation.63-65 
It was assumed that a shear stress on osteocytes occurs 
within the bone as a result of canalicular fluid flow during 
orthodontic force application. Similar to the activation of PDL cells 
by fluid flow, the signal might be transduced to the osteocytes 
through specific  receptors or through deformation of the 
cytoskeleton.66 Osteocytes respond to fluid flow in vitro by the  
production of mediators such as nitric oxide (NO) and 
prostaglandins.33,67 
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In summary, after force application both matrix strain and fluid 
flow in the PDL and the bone cause deformation of cells. Through 
integrin signaling and other transduction pathways, mediators are 
produced that activate several types of cells. 
 
2.2.4 Cell activation and differentiation (Figure 1c) 
As mentioned, the production of mediators by PDL and bone cells 
during mechanical stimulation indicates that these cells become 
activated. In frame c, the arrows indicate which cellular processes 
are induced by the mediators. Arrow 1 indicates the effect that 
activated osteocytes have on cells in the PDL. Precursors in the 
PDL are stimulated to differentiate into osteoblasts through factors 
produced by activated osteocytes.68 Examples of these factors are 
bone morphogenic proteins (2, 6, and 9) and platelet-derived 
growth factor that also stimulate osteoblast activity.69,70 Osteocytes 
also respond to strain in vitro by the production of cytokines, NO, 
prostaglandins, and tumor necrosis factor-α.31,33,67,71,72 These in 
vitro studies support the theory that certain cytokines produced by 
osteocytes activate osteoclast precursors in the PDL at the 
resorption side, while NO inhibits the activity of osteoclasts at the 
apposition side in rats.73  
The activation of osteoclast precursors and the differentiation 
into osteoclasts by factors produced by PDL cells are represented 
by arrow 2. At the resorption side, soluble factors such as colony-
stimulating factor, receptor activator of nuclear factor kappa β 
ligand (RANKL), osteoprotegerin, and bone morphogenic proteins 
regulate osteoclast differentiation. This has been shown in 
vitro72,74,75 and, in vivo, during orthodontic tooth movement in rats.76 
These factors are produced by osteocytes present in the alveolar 
bone and by osteoblasts and fibroblast present in the PDL.77 
Colony-stimulating factor is of importance during the first steps of 
differentiation. RANKL, and its receptor RANK, stimulate the 
further differentiation of osteoclasts. Osteoprotegerin is a decoy 
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receptor for RANKL that prevents its binding to RANK and thereby 
further differentiation.78 
Before actual resorption of bone can take place, osteoblasts 
have to degrade the non-mineralized layer of the osteoid (arrow 3). 
Only after degradation of this layer through MMP activity, can the 
differentiated osteoclasts attach to the bone surface.79 This 
attachment is mediated by specific integrins (αvβ3),80 and it is 
stimulated by osteopontin (OPN) produced by osteoblasts and 
osteocytes. During orthodontic tooth movement, increased levels 
of OPN have been found at the resorption side.81 Bone formation 
at the apposition side of the tooth is a combination of ECM 
synthesis and mineralization (arrow 4). In vitro studies show that 
loading of PDL cells results in an increased production of alkaline 
phosphatase, osteocalcin, and other non-collagenous matrix 
proteins.82-84 These factors might stimulate precursors in the PDL 
to differentiate into osteoblasts, leading to subsequent bone 
deposition. After mechanical stimulation in vitro, osteoblasts 
produce NO, which is, among others, a mediator of bone 
formation.27,32,41,64 
The production of factors that regulate ECM degradation by 
PDL cells is represented by arrow 5. PDL fibroblasts and 
osteoblasts react to mechanical stress in vitro by the production of 
inflammatory mediators such as prostaglandins and enzymes such 
as MMPs and cathepsins that stimulate ECM degradation through 
autocrine and paracrine actions.32,41,57,85 In vitro studies have also 
shown that not only the unloading of PDL but also dermal 
fibroblasts leads to a reduction of collagen synthesis and an 
increased expression of ECM-degrading MMPs.56,86,87 It is clear 
that degradation of the ECM of periodontal tissues after 
orthodontic force application takes place both after loading and 
unloading of cells. This is also supported by the presence of 
increased MMP levels at both the resorption and apposition sides 
during orthodontic tooth movement.88-91 
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Besides the degradation of ECM, new ECM is also 
synthesized during remodeling of the periodontal structures around 
the tooth (arrow 6). Increased levels of collagen synthesis were 
found at both the resorption and apposition sides after orthodontic 
force application in humans.92 Several mediators produced by 
activated PDL and bone cells stimulate ECM synthesis and reduce 
its degradation. Examples are members of the transforming growth 
factor-β (TGF-β) superfamily.93 Increased levels of transforming 
growth factor-β, cathepsins B and L, and interleukin-1 beta were 
also found in the crevicular fluid of orthodontically moved teeth in 
humans and at the apposition side of rat teeth after orthodontic 
force application.57,94-97 In addition, ECM breakdown is also 
inhibited by the tissue inhibitors of MMPs produced by PDL 
cells.93,98 
In summary, fibroblasts, osteoblasts, osteocytes, and 
osteoclasts are part of a complex regulatory network that induces 
PDL and bone remodeling during orthodontic tooth movement. 
 
2.2.5 Remodeling (Figure 1d) 
Under physiological conditions, the synthesis and degradation of 
the periodontal structures is at a low level to maintain tissue 
homeostasis (Figure 2a). After the application of an external force, 
this balance is disturbed and increased remodeling of both PDL 
and bone leads to tooth movement (Figure 2b, c). At the resorption 
side, PDL tissue and alveolar bone is degraded to create space for 
the moving tooth while new PDL tissue is simultaneously formed to 
maintain the attachment. The extensive remodeling of the PDL 
matrix takes place after the activation of fibroblasts in the PDL. 
Meanwhile, osteoclast precursors migrate to the bone surface and 
differentiate into osteoclasts. After differentiation, the activated 
osteoclasts attach to the bone surface by means of specific 
integrins.80 The attached osteoclasts undergo morphological 
changes and develop specific functional characteristics. The clear 
zone seals off the bone surface from its environment, the body of 
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the osteoclast contains an extensive lysosomal system, and the 
ruffled border is the site where the actual resorption takes place.99 
The osteoclast releases hydrogen ions at the ruffled border, which 
dissolve the anorganic matrix and, after the organic matrix is 
resorbed by enzymes such as cathepsins and MMPs,100,101 the 
attachment of the principal fibers of the PDL to the bone is lost. 
The non-functional fibers that mainly contain type I collagen are 
degraded and replaced by a loose connective tissue mainly 
containing type III collagen.102 
At the apposition side, the principal fibers are stretched and 
remodeling of the PDL takes place. New bone is formed by the 
activated osteoblasts that first produce new ECM and then 
mineralize this in a unidirectional manner. At a later stage, when 
the new layer of bone becomes thicker, some osteoblasts will 
become entrapped in the bone and turn into osteocytes. The 
principal fibers of the PDL will also be entrapped in the newly 
formed bone as Sharpey’s fibers. In the meantime, new PDL matrix 
is formed to maintain the width of the PDL and the attachment of 
the tooth to the alveolar bone. This new PDL contains thick 
principal fibers of mainly type I collagen for correct attachment of 
the tooth to the bone. Both the resorption and apposition sides 
show upregulation of collagen synthesis after orthodontic force 
application92 but the type of collagen is different. A much higher 
increase of collagen type I was found at the apposition side 
compared with the resorption side after orthodontic force 
application in rats.103  
 
 
2.3 Conclusion 
 
The introduced theoretical model (Figure 1) is a schematic 
overview of the processes taking place after the application of an 
orthodontic force. The strain in the matrix of the PDL and the 
alveolar bone immediately after force application, resulting in a 
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degraded and replaced by a loose connective tissue mainly 
containing type III collagen.102 
At the apposition side, the principal fibers are stretched and 
remodeling of the PDL takes place. New bone is formed by the 
activated osteoblasts that first produce new ECM and then 
mineralize this in a unidirectional manner. At a later stage, when 
the new layer of bone becomes thicker, some osteoblasts will 
become entrapped in the bone and turn into osteocytes. The 
principal fibers of the PDL will also be entrapped in the newly 
formed bone as Sharpey’s fibers. In the meantime, new PDL matrix 
is formed to maintain the width of the PDL and the attach ent of 
the tooth to the alveolar bone. This new PDL contains thick 
principal fibers of mainly type I collagen for correct attachment of 
the tooth to the bone. Both the resorption and apposition sides 
show upregulation of collagen synthesis after orthodontic force 
application92 but the type of collagen is different. A much higher 
increase of collagen type I was found at the apposition side 
compared with the resorption side after orthodontic force 
application in rats.103  
 
 
2.3 Conclusion 
 
The introduced theoretical model (Figure 1) is a schematic 
overview of the processes taking place after the application of an 
orthodontic force. The strain in the matrix of the PDL and the 
alveolar bone immediately after force application, resulting in a 
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fluid flow in both tissues is represented by (a). As a result of matrix 
strain and fluid flow, cells are deformed (b). In response to the 
deformation, fibroblasts and osteoblasts in the PDL as well as 
osteocytes in the bone are activated (c). In d, a combination of 
PDL remodeling, and the localized apposition and resorption of 
alveolar bone enables the tooth to move. This model might offer 
the clinician a better insight into the processes taking place during 
orthodontic tooth movement and a greater understanding of the 
biological consequences of orthodontic treatment. 
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Abstract 
 
The main cells in the periodontal ligament (PDL) are the 
fibroblasts, which play an important role in periodontal remodeling. 
Matrix metalloproteinases (MMPs) are largely responsible for the 
degradation of extracellular matrix proteins in the PDL. Previous 
studies have indicated that MMP production can be stimulated by 
the hormone relaxin. This hormone facilitates delivery by softening 
the connective tissues of the reproductive tract, and it prepares the 
mammary gland for lactation. Periodontal remodeling takes place 
during orthodontic tooth movement, which might be enhanced by 
relaxin. Therefore, we investigated the effects of relaxin on 
gelatinase expression of human PDL cells. Cultures of human PDL 
cells were incubated with relaxin. Gelatinase (MMP-2 and -9) 
expression, α-smooth muscle actin expression (α-SMA), total MMP 
activity and DNA content were measured. Both proMMP-2 and 
active MMP-2 was identified in the cultures. There was a clear 
trend showing a dose-dependent increase of MMP-2 production, 
which was significant at 250 ng/ml. Total MMP activity was not 
affected. A stimulation of α-SMA expression was found at 50 ng/ml. 
The results indicate that relaxin activates human PDL cells by the 
stimulation of MMP-2 and α-smooth muscle actin. 
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3.1 Introduction 
 
The periodontium consists of the gingiva, the periodontal ligament 
(PDL), the root cementum and the alveolar bone. The PDL is a 
narrow, highly cellular connective tissue that provides attachment 
of the teeth to the bone.1 It further supports the teeth during 
mastication, and has a sensory function. The main cells of the PDL 
are the fibroblasts, which play an important role in the remodeling 
of this tissue.2 The normal turnover of collagen in the PDL is 
reported to be much higher than in other tissues,3 and is even 
more enhanced during orthodontic tooth movement. Like 
elsewhere in the body, matrix metalloproteinases (MMPs) are the 
major class of enzymes responsible for the degradation of 
extracellular matrix proteins in the PDL.4,5 
MMP production and activity can be modulated by numerous 
growth factors, but also by the hormone relaxin.6–8 Relaxin is well 
known for its role during pregnancy. It facilitates delivery by 
softening the connective tissues of the reproductive tract, and it 
prepares the mammary gland for lactation.9 In the last decade it 
has become clear that relaxin also acts on cells and tissues other 
than those of the female reproductive system.10 Like insulin and 
insulin-like growth factors, relaxin is a peptide hormone and is also 
present in the male. Relaxin seems to be involved in physiologic 
processes in the brain and the cardiovascular system, and in 
pathological processes such as the spreading of tumor cells.11–14 
The most prominent metabolic effect of relaxin is the stimulation of 
connective tissue remodeling by inhibiting collagen synthesis and 
by increasing the production and activity of MMPs. Human dermal 
fibroblasts in vitro respond to relaxin by an elevation of 
procollagenase secretion, and a decrease in the expression of 
tissue inhibitor of MMPs (TIMPs) and interstitial collagens.6 These 
effects were also found for human fibroblasts from the lower 
uterine segment8 and the lung.7 
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The effect of relaxin on MMP activity in periodontal tissues has 
also been studied.15 Samples of mandibular bone of mice, 
containing periodontal structures, were incubated with relaxin. A 
minor stimulatory effect of relaxin on MMP activity was described, 
although statistical analysis was not performed and the type of 
MMP was not specified. The authors suggested a role of relaxin in 
periodontal remodeling. Relaxin was also shown to reduce the 
expression of α-smooth muscle actin (α-SMA) either directly or 
indirectly.16,17 Relaxin may affect tissue remodeling in the 
periodontium by increasing collagen degradation. This might be 
comparable to a physiologic process like orthodontic tooth 
movement and pathological conditions such as periodontitis.18,19 
Eventually, relaxin may be suitable to enhance orthodontic tooth 
movement. As PDL fibroblasts play a crucial role in periodontal 
remodeling we set out to study the effects of relaxin on gelatinase 
expression by these cells. 
 
 
3.2 Material and methods 
 
3.2.1. Cell culture 
Human periodontal ligament (PDL) tissue was obtained from a fully 
extracted erupted healthy third molar. After extraction, the third 
molar was washed in saline and stored at 4 ºC in phosphate 
buffered saline (PBS, Gibco, Paisly, UK) containing 100 U/ml 
penicillin, 100 µg/ml streptomycin and 0.25 µg/ml fungizone 
(Gibco). Tissue explants were cut from the lower half of the root, 
until 2 mm from the apex. They were washed extensively in fresh 
culture medium consisting of Dulbecco’s modif ied eagle medium 
(DMEM, Gibco) 10% fetal calf serum (FCS, Gibco) and 100 U/ ml 
penicillin, 100 µg/ml streptomycin and 0.25 µg/ml fungizone. The 
explants were incubated in one well of a 24-wells culture plate at 
37 ºC in a humidified atmosphere of 5% CO2 in air. The culture 
medium was changed three times per week. After the outgrowth of 
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fibroblasts, the cultures were trypsinized with 0.25% trypsin 
(Gibco) and consecutively passaged to culture flasks of 25, 75 and 
175 cm2. After a culture period of about 3 weeks, the cells 
(passage 4) were frozen in 7.5% dimethylsulfoxide (DMSO, ICN 
Biomedicals Inc., Aurora, OH, USA) in culture medium and stored 
in liquid N2. Alkaline phosphatase (ALP) activity was determined in 
a lysate of these cells using p-nitrophenyl phosphate to confirm 
their nature. The PDL cells had an ALP activity of 16.0 pg/ng 
DNA/h while normal fibroblasts showed undetectable activity (not 
shown). 
 
3.2.2. Incubation with relaxin 
Prior to the experiments, the cells were rapidly thawed in a water 
bath of 37 ºC, diluted in culture medium and centrifuged at 400 g 
for 5 min. The cell pellet was resuspended in culture medium and 
seeded in a 75 cm2 culture flask. At 80–90% confluence, the cells 
were passaged to two 75 cm2 flasks. At 80–90% confluence they 
were trypsinized and transferred, respectively to three 75 cm2 
flasks (1.106 cells/flask) for Western blotting, to 24-wells culture 
plates (6.104 cells/well) for the MMP-assays, to 96-wells culture 
plates (1.104 cells/well) for the cytotoxicity assay, and to 
chamberslides (1.104 cells/well) for histological analysis. All cells 
were then cultured in DMEM without phenol red for one day. Then, 
the cells were washed with DMEM without phenol red. The 
following 48 h the cells were incubated with several concentrations 
of relaxin. Relaxin (BAS Medical, San Mateo, CA, USA) was 
diluted in DMEM without phenol red, with 0.3% BSA to give final 
concentrations of 0, 0.5, 1, 10, 25, 50, 100, 250 and 500 ng/ml in 
the 24- and 96-wells plates. In the 75 cm2 flasks concentrations of 
0, 50 and 500 ng/ml were used. 
 
3.2.3. DNA assay 
The PicoGreen®dsDNA Quantitation reagent (Molecular Probes 
Inc., Eugene, USA) was used to determine the amount of DNA in 
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the 24-wells plates. PicoGreen® is a fluorescent nucleic acid stain 
for double-stranded DNA. The assay was performed according to 
the protocol of the manufacturer. The fluorescent signal was 
measured in a FL600 Microplate Fluorescence Reader (Bio-tek 
Instruments Inc., VT, USA) at excitation 485 nm and emission 520 
nm. Standards ranging from 0 to 1000 ng bacteriophage lambda 
DNA/ml were used. The total amount of DNA in each well was 
determined. 
 
3.2.4. Cytotoxicity assay 
To determine the cytotoxicity of relaxin, the Live/Dead®-
Viability/Cytotoxicity assay (Molecular Probes) was used on the 
cells in the 96-wells plates. In this assay calcein acetoxymethyl 
and ethidium homodimer-1 are simultaneously used to determine 
the percentages of viable and dead cells. The assay was 
performed according to the protocol of the manufacturer. The 
fluorescence was measured in a FL600 Microplate Fluorescence 
Reader (Bio-tek Instruments Inc., Winooski, USA) at excitation 485 
nm and emission 530 nm for calcein and excitation 530 nm and 
emission 645 nm for ethidium homodimer-1. The data were 
presented as the percentages dead cells. 
 
3.2.5. Western blotting 
For the analysis of α-SMA, cell lysates were prepared from the 
cultures in the 75 cm2 flasks using Triton-X-100 lysis buffer (10 mM 
Tris, pH 8.0, 140 mM NaCl and 0.5% Triton-X-100) supplemented 
with protease inhibitors (1 mM PMSF and 5 mM EDTA). Lysates 
were clarified by centrifugation and protein was quantified using a 
bicinchoninic acid (BCA) assay (Pierce, Rockford, USA). Gel 
electrophoresis was performed according to Laemmli.20 Gels were 
processed for Western blotting using a monoclonal antibody 
against a-SMA (Sigma Immunochemicals St. Louis, USA). Western 
blotting using monoclonal antibodies against MMP-2 and MMP-9 
were performed to identify the gelatinases present in the 
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conditioned medium. Incubations, washes and blotting were 
performed by standard procedures. Bands were made visible using 
chemiluminescence detection (ECL Plus reagent, Amersham, 
Chicago, IL, USA). The blots were scanned with a HP ScanJet 
4C/T and were analysed with Quantity One software (Bio-rad). α-
SMA was represented as density x mm2/mg protein. 
 
3.2.6. Gelatin zymography 
MMP-2 and MMP-9 in the culture media from the 24-wells plates 
were analysed by gelatin zymography. The polyacrylamide gel 
(7.5%) contained 3.5 mM sodiumdodecyl sulphate and 1 mg/ml 
gelatin, as described by others.21 Ten microliters of culture medium 
and 10 µl sample buffer were mixed and electrophoresed. A broad 
range marker (Biorad, Hercules, USA) ranging from 6.4 to 203 kDa 
was included to determine the molecular weight of the MMPs. 
Human recombinant MMP-9 was used as a reference sample. After 
electrophoresis the gels were washed in 2.5% Triton-X-100 to 
remove all SDS. They were then incubated in 50 mM Tris–HCL (pH 
7.8), 5 mM CaCl2 and 0.1% Triton-X-100 at 37 ºC for 18 h. The 
gels were stained with 2.5 g/l Coomassie blue and destained with 
10% acetic acid and 40% methanol in water. The MMPs appear as 
bright bands within the stained gel. Subsequently, the gels were 
dried and scanned with a HP ScanJet 4C/T. The bands were 
analysed with Quantity One software (Bio-rad). Gelatinase 
production was represented as average density x mm2/ng DNA. 
The amount of gelatinolytic activity of the proMMP-9 reference 
sample was arbitrarily set to 100% in each gel. The experimental 
samples were expressed relative to this reference. 
 
3.2.7. MMP activity assay 
An MMP activity assay was performed to analyse the effect of 
relaxin on total MMP production in the conditioned media from the 
24-wells plates. The MMP activity assay was performed according 
to Beekman et al.22 In short, the fluorogenic substrate TNO211-F 
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(TNO, Leiden, The Netherlands) was used to determine the total 
MMP activity. This assay detects the activity of MMP-1, -2, -3, -7, -
8, -9, -12 and -13. TNO211-F consists of a fluorophore and a light-
absorbing group (quencher) attached to an amino acid sequence 
that serves as a substrate for MMPs. Through enzymatic cleavage 
by the MMPs, the quencher is eliminated and fluorescence can be 
measured. The fluorescent signal was measured in a Cytofluor II 
fluorimeter (PerSeptive Biosystems, Framingham, USA) at 
emission 485 nm and excitation 530 nm, and expressed as relative 
fluorescence units RFU/ min/ ng DNA. 
 
3.2.8. Histology 
The morphology of the cells was analysed after toluidin blue 
staining. The cells were fixed with 3% paraformaldehyde in PBS 
during 3 h at 4 ºC. They were then washed with 0.05% Tween-20 
in PBS and stained with 0.5% toluidin blue and 3% 
paraformaldehyde in PBS for 12 h. Crystals were removed by 
washing the slides with warm water.  
For α-SMA immunostaining, cells grown on chamber slides 
were fixed in 3% paraformaldehyde in PBS. Background staining 
was performed with haematoxylin. Then the slides were 
preincubated in 10% donkey serum (Chemicon, Temecula, USA) in 
PBS with 0.075% glycine. After preincubation, the slides were 
incubated with monoclonal mouse anti-α-SMA (Sigma 
Immunochemicals St. Louis, USA), 1:3200 for 60 min. After 
washing in 0.075% glycine in PBS, the slides were incubated with 
DaMBiO (Jackson Labs,West Grove, USA), 1:500 for 60 min. The 
slides were then treated with ABC-peroxidase (Vector Lab, 
Burlingame, USA). Peroxidase activity was visualised by 
incubation with diaminobenzidine (Sigma Immunochemicals St. 
Louis, USA). 
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3.2.9. Statistical analysis 
Data are expressed as mean ±  S.D. Differences were evaluated 
by a one-way analysis of variance (ANOVA), followed by the 
Bonferroni test. Differences were considered statistically significant 
at p < 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Expression of MMPs in culture media. (A) Gelatin zymography of 
  culture media. The left lane represents the standard with proMMP-9  
  and the right lane a medium sample with bands at 69 and 62 kDa.  
  Occasionally small amounts at 85 kDa were found. (B) Western  
  blotting for MMP-2 and MMP-9 in the culture media. Bands are shown  
  at 69 and 62 kDa representing proMMP-2 and MMP-2. No MMP-9  
  was detected in the media. 
 
 
3.3. Results 
 
3.3.1. Cell number 
The amount of DNA in the cultures was determined with a 
fluorescent dye to indicate changes in cell number. The average 
amount of DNA per well was about 200–250 ng. Relaxin did not 
significantly affect the amount of DNA per well (not shown). The 
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cytotoxicity assay did not determine a cytotoxic effect of relaxin on 
cells (not shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2  The effect of relaxin on MMP production. (A) Production of  
  proMMP-2. No significant effects were found (n = 4). (B) Production  
  of MMP-2 with a significant increase at a concentration of 250 ng  
  relaxin  (n = 4). 
 
3.3.2. Gelatinase expression 
In zymography, clear bands were found at 69 and 62 kDa (Figure 
1a). A minor band was occasionally found at 85 kDa, which could 
represent MMP-9. Western blotting using a monoclonal antibody 
against MMP-2 shows that the clear bands represent proMMP-2 
and active MMP-2 (Figure 1b). MMP-9 could not be detected by 
Western blotting using amonoclonal antibody against MMP-9.  
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The density of the bands after zymography was quantified 
(Figure 2). The 85 kDa bands were too faint to allow quantification. 
The amount of proMMP-2 was not affected by relaxin (Figure 2a). 
There was a clear trend showing a dose-dependent increase of 
MMP-2 production, which was significant at 250 ng/ml (Figure 2b). 
 
3.3.3. Total MMP activity 
The total activity of MMPs in the culture media was measured with 
a fluorescent substrate (Figure 3). Relaxin did not have a 
significant effect on total MMP activity. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 The effect of relaxin on total MMP activity in the culture media. Total  
 MMP activity was determined with a fluorescent substrate. Relaxin  
 did not have an effect on MMP activity (n = 4). 
 
 
 
 
 
 
 
 
 
Figure 4 Morphology of cultured cells. (A) Morphology of cells incubated with  
  relaxin visualised by toluidin blue staining. Relaxin had no effect on  
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 the morphology of cells. (B) Cells after α-SMA immunostaining.  
 Positive cells  are indicated by the arrows (bar = 1 µm).  
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Figure 5 Western blotting of 𝛼𝛼-SMA. (A) Representative Western blot of the  
  culture  media. Clear bands are found at 42 kDa which represent α- 
  SMA and additional bands at 55 kDa representing vimentin with  
 which the antibody  cross-reacts. (B) Quantification of α-SMA  
 expression. At 50 ng/ml relaxin the density of the α-SMA band shows  
 a significant increase compared to both 0 and 500 ng/ml (n = 3). 
 
3.3.4. α-SMA expression 
The toluidin blue staining shows a normal morphology of the PDL 
cells after incubation with relaxin (Figure 4a). A fraction of the cells 
63
RLX stimulates MMP-2 and α-SMA expression by human PDLC 
 
61 
 
 the morphology of cells. (B) Cells after α-SMA immunostaining.  
 Positive cells  are indicated by the arrows (bar = 1 µm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
α 
 
 
  
 
 
 
Figure 5 Western blotting of 𝛼𝛼-SMA. (A) Representative Western blot of the  
  culture  media. Clear bands are found at 42 kDa which represent α- 
  SMA and additional bands at 55 kDa representing vimentin with  
 which the antibody  cross-reacts. (B) Quantification of α-SMA  
 expression. At 50 ng/ml relaxin the density of the α-SMA band shows  
 a significant increase compared to both 0 and 500 ng/ml (n = 3). 
 
3.3.4. α-SMA expression 
The toluidin blue staining shows a normal morphology of the PDL 
cells after incubation with relaxin (Figure 4a). A fraction of the cells 
RLX stimulates MMP-2 and α-SMA expression by human PDLC 
 
61 
 
 the morphology of cells. (B) Cells after α-SMA immunostaining.  
 Positive cells  are indicated by the arrows (bar = 1 µm).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
α 
 
 
  
 
 
 
Figure 5 Western blotting of 𝛼𝛼-SMA. (A) Representative Western blot of the  
  culture  media. Clear bands are found at 42 kDa which represent α- 
  SMA and additional bands at 55 kDa representing vimentin with  
 which the antibody  cross-reacts. (B) Quantification of α-SMA  
 expression. At 50 ng/ml relaxin the density of the α-SMA band shows  
 a significant increase compared to both 0 and 500 ng/ml (n = 3). 
 
3.3.4. α-SMA expression 
The toluidin blue staining shows a normal morphology of the PDL 
cells after i cubation with relaxin (Figure 4a). A fraction f t  cells 
RLX sti ulates P-2 and α-S A expression by hu an PDLC 
61 
 
 the orphology of cells. (B) Cells after α-S A i unostaining.  
 Positive cells  are indicated by the arrows (bar = 1 µ ).  
 
 
 
α 
  
 
 
 
Figure 5 estern blotting of 𝛼𝛼-S A. (A) Representative estern blot of the  
  culture  edia. Clear bands are found at 42 kDa which represent α- 
  S A and additional bands at 55 kDa representing vi entin with  
 which the antibody  cross-reacts. (B) uantification of α-S A  
 expression. At 50 ng/ l relaxin the density of the α-S A band shows  
 a significant increase co pared to both 0 and 500 ng/ l (n = 3). 
 
3.3.4. α-  express on 
The toluidin blue staining sho s a nor al orphology o he L
cells after incubation ith relaxin (Figure 4a).  fraction of the cells
3
64
Chapter 3 
 
62 
 
was positive for α-SMA after immunostaining but no differences in 
staining intensity were found with relaxin (Figure 4b). The 
expression of α-SMA was further analysed by Western blotting 
(Figure 5). In all cultures, α-SMA shows a clear band at 42 kDa 
(Figure 5a). At 55 kDa an extra band was seen, representing 
vimentin with which the antibody cross-reacts. The expression of 
α-SMA was significantly stimulated at 50 ng/ ml relaxin compared 
to 0 (p = 0.03) and 500 ng/ml relaxin (p = 0.044) (Figure 5b). 
 
 
3.4. Discussion 
 
The hormone relaxin increases MMP expression in several types of 
fibroblasts.6–8,23,24 However, no data are available on the effect of 
relaxin on PDL cells. We studied the effects of relaxin on human 
PDL fibroblasts because these cells play an important role in 
periodontal remodeling during orthodontic tooth movement and in 
periodontitis. The local application of relaxin might enhance tooth 
movement.18,19 In this study we found considerable expression of 
proMMP-2 and active MMP-2 in human PDL fibroblasts as 
analysed by zymography and Western blotting. In addition to  
MMP-2, earlier studies that used similar techniques to ours, 
describe the expression of MMP-1 and -8 by human PDL cells.25,26 
We found no or only minor MMP-9 expression by human PDL cells. 
Other authors found similar results for MMP-9.25,27 It appears that 
human PDL cells hardly produce MMP-9 in culture. 
In our study we found an increased expression of active  
MMP-2 in human PDL cells by relaxin but proMMP-2 was not 
affected. The increase in expression of MMP-2 by relaxin was not 
found in a study of Unemori et al. in human lung fibroblasts 
although they did find a dose-dependent increase in expression of 
MMP-17. In their study a stimulation of the MMP expression was 
found at a relatively high dose of relaxin (100 ng/ml). Also in our 
study we found a stimulation of MMP expression at a high dose of 
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relaxin (250 ng/ml). Jeyalaban et al. showed an increased 
expression of active MMP-2 by relaxin in rat renal arteries in vivo.23 
They also found an increase in proMMP-2 expression. Similar to 
our study, others found that the expression proMMP-2 in human 
amnion in vitro was unaffected by relaxin.28,29 On the contrary, a 
study on fibroblasts of the lower uterine segment showed an 
increase of proMMP-1, -2 and -3 by relaxin at 1 and 10 ng/ml 
relaxin.8 
This is similar to the serum concentrations found in the blood 
of pregnant women.30 Fibroblasts from other tissues like the PDL 
or the lung might have different or lower numbers of relaxin 
receptors, and may therefore require higher levels of relaxin for 
stimulation.31 The reason that we did not find an increase in 
proMMP-2 expression might lie in the pathway of activation of the 
latent proMMP. It is known that proMMP-2 can be activated by 
membrane-type MMPs (MT-MMPs).32 Except MT4-MMP, all MT-
MMPs are capable of activating proMMP-2. We hypothesize that 
the expression of these MTMMPs in PDL cells is also increased by 
relaxin, which leads to a more efficient activation of proMMP-2. To 
confirm this, additional techniques for the analysis of MT-MMPs 
are required. MMP-2 activity in PDL cells seems to be specifically 
enhanced by relaxin, and might be crucial in PDL remodeling in 
vivo. 
The proliferation of human PDL cells was not affected by 
relaxin in our study. Similar results were found for rat cardiac 
fibroblasts and human dermal fibroblasts.6,16 However, relaxin 
significantly increased the α-SMA expression of human PDL cells. 
Expression of α-SMA is generally associated with the 
differentiation of fibroblasts into contractile myofibroblasts.33 
Myofibroblasts are generally present in organs with a high 
remodeling capacity such as the periodontal ligament34 or during 
conditions of increased remodeling.35 A study in pregnant and 
postpartum mice showed a strong immunohistochemical 
expression for α-SMA within fibroblasts of the pubic symphysis and 
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interpubic ligament.36 This might be induced by relaxin. However, 
others have shown that relaxin did not affect α-SMA expression 
directly but antagonized α-SMA induction by TGF-β or angiotensin 
II in rat cardiac fibroblasts.16,17 A study on renal fibroblasts showed 
a direct reduction of α-SMA by relaxin.24 In the latter study, the 
experiment was performed in culture medium with serum which 
might modulate the effect of relaxin. In contrast, our experiments 
were performed with serum-free medium. Alternatively, the 
mechanism of action of relaxin might be different in different cell 
types. 
It is concluded that at certain concentrations, relaxin increases 
MMP-2 production of human PDL cells in vitro, but not that of 
proMMP-2. The total MMP activity, however, was not affected. It is 
therefore doubtful whether relaxin can stimulate tissue remodeling 
during tooth movement. Indeed, it was recently shown that relaxin 
does not accelerate tooth movement in rats, although the 
organization and mechanical strength of the PDL was reduced.37 In 
spite of this, relaxin stimulated α-SMA production of PDL cells 
indicating their activated state. Additional research is required to 
further explore the effects of relaxin on PDL cells in vitro. 
 
 
3.5 Acknowledgment 
 
This study was partly funded by a research grant from BAS 
Medical, San Mateo, CA, USA. 
 
 
3.6 References 
 
1. Marotti A 1993 The extracellular matrix of the periodontium: dynamic 
and interactive tissues. Periodontology 2000 3:39–63  
2. Berkovitz BKB, Moxham BJ, Newman HN 1995 The periodontal ligament 
in health and disease. 2nd ed. Barcelona: Mosby–Wolfe 
Chapter 3 
 
64 
 
interpubic ligament.36 This might be induced by relaxin. However, 
others have shown that relaxin did not affect α-SMA expression 
directly but antagonized α-SMA induction by TGF-β or angiotensin 
II in rat cardiac fibroblasts.16,17 A study on renal fibroblasts showed 
a direct reduction of α-SMA by relaxin.24 In the latter study, the 
experiment was performed in culture medium with serum which 
ight modulate the effect of relaxin. In contrast, our experiments 
were performed with serum-free medium. Alternatively, the 
mechanism of action of relaxin might be different in different cell 
types. 
It is concluded that at certain concentrations, relaxin increases 
MMP-2 production of human PDL cells in vitro, but not that of 
proMMP-2. The total MMP activity, however, was not affected. It is 
therefore doubtful whether relaxin can stimulate tissue remodeling 
during tooth movement. Indeed, it was recently shown that relaxin 
does not accelerate tooth movement in rats, although the 
organization and mechanical strength of the PDL was reduced.37 In 
spite of this, relaxin stimulated α-SMA production of PDL cells 
indicating their activated state. Additional research is required to 
further explore the effects of relaxin on PDL cells in vitro. 
 
 
3.5 Acknowledgment 
 
This study was partly funded by a research grant from BAS 
Medical, San Mateo, CA, USA. 
 
 
3.6 References 
 
1. Marotti A 1993 The extracellular matrix of the periodontium: dynamic 
and interactive tissues. Periodontology 2000 3:39–63  
2. Berkovitz BKB, Moxham BJ, Newman HN 1995 The periodontal ligament 
in health and disease. 2nd ed. Barcelona: Mosby–Wolfe 
67
RLX stimulates MMP-2 and α-SMA expression by human PDLC 
 
65 
 
3. Sodek J, Ferrier JM 1988 Collagen remodeling in rat periodontal tissues: 
compensation for precursor reutilization confirms rapid turnover of 
collagen. Coll Relat Res 1:11–21 
4. Kerrigan JJ, Mansell JP, Sandy JR 2000 Matrix turnover. J Orthod 
27:227–33 
5. Kapila S, Chen JJ 2000 Matrix metalloproteinases in orthodontic tooth 
movement: principles and potential applications. In: Davidovich Z, Mah 
J, editors. Biological mechanisms of tooth movement and craniofacial 
adaptation. Birmingham: Harvard Society; p. 107–17  
6. Unemori EN, Amento EP 1990 Relaxin modulates synthesis and 
secretion of procollagenase and collagen by human dermal fibroblasts. J 
Biol Chem 265:10681–5 
7. Unemori EN, Pickford LB, Salles AL, Piercy CE, Grove BH, Erikson ME, 
et al. 1996 Relaxin induces an extracellular matrixdegrading phenotype 
in human lung fibroblasts in vitro and inhibits lung fibrosis in a murine 
model in vivo. J Clin Invest 98:2739–45 
8. Palejwala S, Stein DE, Weiss G, Monia BP, Tortoriello D, Goldsmith LT 
2001 Relaxin positively regulates matrix metalloproteinase expression in 
human lower uterine segment fibroblasts using a tyrosine kinase 
signaling pathway. Endocrinology 142:3405–13  
9. Bathgate RAD, Samuel CS, Burazin TCD, Gundlach AL, Tregear GW 
2003 Relaxin: new peptides, receptors and novel actions. Trends 
Endocrinol Metab 14:207–13 
10. Ivell R, Einspanier A 2002 Relaxin peptides are new global players. 
Trends Endocrinol Metab 13:343–8  
11. Summerlee AJ, Ramsey DG, Poterski RS 1998 Neutralisation of relaxin 
within the brain affects the timing of birth in rats. Endocrinology 
139:479–84 
12. Sunn N, Egli M, Burazin TC, Burns P, Colvill L, Davern P, et al. 2002 
Circulating relaxin acts on subfornical organ neurons to stimulate water 
drinking in the rat. Proc Natl Acad Sci USA 99:1701–6 
13. Novak J, Danielson LA, Kerchner LJ, Sherwood OD, Ramirez RJJ, 
Moalli PA, et al. 2001 Relaxin is essential for renal vasodilatation during 
pregnancy in conscious rats. J Clin Invest 107:1469–75 
RLX stimulates MMP-2 and α-SMA expression by human PDLC 
 
65 
 
3. Sodek J, Ferrier JM 1988 Collagen remodeling in rat periodontal tissues: 
compensation for precursor reutilization confirms rapid turnover of 
collagen. Coll Relat Res 1:11–21 
4. Kerrigan JJ, Mansell JP, Sandy JR 2000 Matrix turnover. J Orthod 
27:227–33 
5. Kapila S, Chen JJ 2000 Matrix metalloproteinases in orthodontic tooth 
movement: principles and potential applications. In: Davidovich Z, Mah 
J, editors. Biological mechanisms of tooth movement and craniofacial 
adaptation. Birmingham: Harvard Society; p. 107–17  
6. Unemori EN, Amento EP 1990 Relaxin modulates synthesis and 
secretion of procollagenase and collagen by human dermal fibroblasts. J 
Biol Chem 265:10681–5 
7. Unemori EN, Pickford LB, Salles AL, Piercy CE, Grove BH, Erikson ME, 
et al. 1996 Relaxin induces an extracellular matrixdegrading phenotype 
in human lung fibroblasts in vitro and inhibits lung fibrosis in a murine 
model in vivo. J Clin Invest 98:2739–45 
8. Palejwala S, Stein DE, Weiss G, Monia BP, Tortoriello D, Goldsmith LT 
2001 Relaxin positively regulates matrix metalloproteinase expression in 
human lower uterine segment fibroblasts using a tyrosine kinase 
signaling pathway. Endocrinology 142:3405–13  
9. Bathgate RAD, Samuel CS, Burazin TCD, Gundlach AL, Tregear GW 
2003 Relaxin: new peptides, receptors and novel actions. Trends 
Endocrinol Metab 14:207–13 
10. Ivell R, Einspanier A 2002 Relaxin peptides are new global players. 
Trends Endocrinol Metab 13:343–8  
11. Summerlee AJ, Ramsey DG, Poterski RS 1998 Neutralisation of relaxin 
within the brain affects the timing of birth in rats. Endocrinology 
139:479–84 
12. Sunn N, Egli M, Burazin TC, Burns P, Colvill L, Davern P, et al. 2002 
Circulating relaxin acts on subfornical organ neurons to stimulate water 
drinking in the rat. Proc Natl Acad Sci USA 99:1701–6 
13. Novak J, Danielson LA, Kerchner LJ, Sherwood OD, Ramirez RJJ, 
Moalli PA, et al. 2001 Relaxin is essential for renal vasodilatation during 
pregnancy in conscious rats. J Clin Invest 107:1469–75 
3
68
Chapter 3 
 
66 
 
14. Binder C, Hagemann T, Hussen B, Schulz M, Einspanier A 2002 Relaxin 
enhances in vitro invassiveness of breast cancer cell lines by up-
regulation of matrix metalloproteinases. Mol Hum Reprod 8:789–96 
15. Nicozisis JL, Nah-Cederquist HD, Tuncay OC 2000 Relaxin affects the 
dentofacial sutural tissues. Clin Orthod Res 3:192–201 
16. Samuel CS, Unemori EN, Mookerjee I, Bathgate RAD, Layfield SL, Mak 
J, et al. 2004 Relaxin modulates cardiac fibroblast proliferation, 
differentiation and collagen production and reverses cardiac fibrosis in 
vivo. Endocrinology 145:4125–33  
17. Mookerjee I, Unemori EN, Du XJ, Tregear GW, Samuel CS 2005 Relaxin 
modulates fibroblast function, collagen production, and matrix 
metalloproteinase-2 expression by cardiac fibroblasts. Ann NY Acad Sci 
1041:190–3  
18. Stewart DR, Sherick P, Kramer S, Breining P 2005 Use of relaxin in 
orthodontics. Ann NY Acad Sci 1041:379–87  
19. Liu ZJ, King GJ, Gu GM, Shin JY, Stewart DR 2005 Does human relaxin 
accelerate orthodontic tooth movement in rats? Ann NY Acad Sci 
1041:388–94 
20. Laemmli UK 1970 Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature 227:680–5 
21. Waas ET, Lomme RM, De Groot J, Wobbes T, Hendriks T 2002 Tissue 
levels of active matrix metalloproteinase -2 and -9 in colorectal cancer. 
Br J Cancer 86:1876–83 
22. Beekman B, Drijfhout J, Bloemhoff W, Ronday H, Tak P, Te Koppele J 
1996 Convenient fluorometric assay for matrix metalloproteinase activity 
and its application in biological media. FEBS Lett 390:221–5 
23. Jeyalaban A, Novak J, Danielson LA, Kerchner LJ, Opett SL, Conrad KP 
2003 Essential role for vascular gelatinase activity in relaxin-induced 
renal vasodilatation, hyperfiltration, and reduced myogenic reactivity of 
small arteries. Circ Res 93:1249–57 
24. Masterson R, Hewitson TD, Kelynack K, Martic M, Parry L, Bathgate R, 
et al. 2004 Relaxin down-regulates renal fibroblast function and 
promotes matrix remodeling in vitro. Nephrol Dial Transplant 19:544–52 
 
 
Chapter 3 
 
66 
 
14. Binder C, Hagemann T, Hussen B, Schulz M, Einspanier A 2002 Relaxin 
enhances in vitro invassiveness of breast cancer cell lines by up-
regulation of matrix metalloproteinases. Mol Hum Reprod 8:789–96 
15. Nicozisis JL, Nah-Cederquist HD, Tuncay OC 2000 Relaxin affects the 
dentofacial sutural tissues. Clin Orthod Res 3:192–201 
16. Samuel CS, Unemori EN, Mookerjee I, Bathgate RAD, Layfield SL, Mak 
J, et al. 2004 Relaxin modulates cardiac fibroblast proliferation, 
differentiation and collagen production and reverses cardiac fibrosis in 
vivo. Endocrinology 145:4125–33  
17. Mookerjee I, Unemori EN, Du XJ, Tregear GW, Samuel CS 2005 Relaxin 
modulates fibroblast function, collagen production, and matrix 
metalloproteinase-2 expression by cardiac fibroblasts. Ann NY Acad Sci 
1041:190–3  
18. Stewart DR, Sherick P, Kramer S, Breining P 2005 Use of relaxin in 
orthodontics. Ann NY Acad Sci 1041:379–87  
19. Liu ZJ, King GJ, Gu GM, Shin JY, Stewart DR 2005 Does human relaxin 
accelerate orthodontic tooth movement in rats? Ann NY Acad Sci 
1041:388–94 
20. Laemmli UK 1970 Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature 227:680–5 
21. Waas ET, Lomme RM, De Groot J, Wobbes T, Hendriks T 2002 Tissue 
levels of active matrix metalloproteinase -2 and -9 in colorectal cancer. 
Br J Cancer 86:1876–83 
22. Beekman B, Drijfhout J, Bloemhoff W, Ronday H, Tak P, Te Koppele J 
1996 Convenient fluorometric assay for matrix metalloproteinase activity 
and its application in biological media. FEBS Lett 390:221–5 
23. Jeyalaban A, Novak J, Danielson LA, Kerchner LJ, Opett SL, Conrad KP 
2003 Essential role for vascular gelatinase activity in relaxin-induced 
renal vasodilatation, hyperfiltration, and reduced myogenic reactivity of 
small arteries. Circ Res 93:1249–57 
24. Masterson R, Hewitson TD, Kelynack K, Martic M, Parry L, Bathgate R, 
et al. 2004 Relaxin down-regulates renal fibroblast function and 
promotes matrix remodeling in vitro. Nephrol Dial Transplant 19:544–52 
 
 
69
RLX stimulates MMP-2 and α-SMA expression by human PDLC 
 
67 
 
25. Chang YC, Yang SF, Lai CC, Liu JY, Hsieh YS 2002 Regulation of 
matrix metalloproteinase production by cytokines, pharmacological 
agents and periodontal pathogens in human periodontal ligament 
fibroblast cultures. J Periodontal Res 37:196–203 
26. Apalajahti S, Sorsa T, Railavo S, Ingman T 2003 The in vivo levels of 
matrix metalloproteinase-1 and -8 in gingival crevicular fluid during initial 
orthodontic tooth movement. J Dent Res 82:1018–22 
27. Bolcato-Bellemin AL, Elkaim R, Abehsera A, Fausser JL, Haikel Y, 
Tenenbaum H 2000 Expression of mRNAs encoding for α and β integrin 
subunits, MMPs, and TIMPs in stretched human periodontal ligament 
and gingival fibroblasts. J Dent Res 79:1712–6 
28. Qin X, Garibay-Tupas J, Chua PK, Cachola L, Bryant-Greenwood GD 
1997 An autocrine/paracrine role of human decidual relaxin. I. Interstitial 
collagenase (matrix metalloproteinase-1) and tissue plasminogen 
activator. Biol Reprod 56:800–11 
29. Qin X, Chua PK, Ohira RH, Bryant-Greenwood GD 1997 An 
autocrine/paracrine role of human decidual relaxin. II. Stromelysin-1 
(MMP-3) and tissue inhibitor of matrix metalloproteinase-1 (TIMP-1). Biol 
Reprod 56:812–20 
30. Kristiansson P, Wang JX 2001 Reproductive hormones and blood 
pressure during pregnancy. Hum Reprod 16:13–7  
31. Hsu SY, Nakabayashi K, Nishi S, Kumagai J, Kudo M, Sherwood OD, 
Hsueh AJW 2002 Activation of orphan receptors by the hormone relaxin. 
Science 295:671–4 
32. Visse R, Nagase H 2003 Matrix metalloproteinases and tissue inhibitors 
of metalloproteinases. Structure, function, and biochemistry. Circ Res 
92:827–39 
33. Gabbiani G 1998 Evolution and clinical implications of the myofibroblast 
concept. Cardiovasc Res 38:545–8 
34. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA 2002 
Myofibroblasts and mechano-regulation of connective tissue remodeling. 
Nat Rev Mol Cell Biol 3:349–63 
35. Gabbiani G 1992 The biology of the myofibroblast. Kidney Int 41:530–2 
36. Moraes SG, Pinheiro MC, Toledo OM, Joazeiro PP 2004 Phenotypic 
modulation of fibroblastic cells in mice pubic symphysis during 
pregnancy, partum and postpartum. Cell Tissue Res 315:223–31 
RLX stimulates MMP-2 and α-SMA expression by human PDLC 
 
67 
 
25. Chang YC, Yang SF, Lai CC, Liu JY, Hsieh YS 2002 Regulation of 
matrix metalloproteinase production by cytokines, pharmacological 
agents and periodontal pathogens in human periodontal ligament 
fibroblast cultures. J Periodontal Res 37:196–203 
26. Apalajahti S, Sorsa T, Railavo S, Ingman T 2003 The in vivo levels of 
matrix metalloproteinase-1 and -8 in gingival crevicular fluid during initial 
orthodontic tooth movement. J Dent Res 82:1018–22 
27. Bolcato-Bellemin AL, Elkaim R, Abehsera A, Fausser JL, Haikel Y, 
Tenenbaum H 2000 Expression of mRNAs encoding for α and β integrin 
subunits, MMPs, and TIMPs in stretched human periodontal ligament 
and gingival fibroblasts. J Dent Res 79:1712–6 
28. Qin X, Garibay-Tupas J, Chua PK, Cachola L, Bryant-Greenwood GD 
1997 An autocrine/paracrine role of human decidual relaxin. I. Interstitial 
collagenase (matrix metalloproteinase-1) and tissue plasminogen 
activator. Biol Reprod 56:800–11 
29. Qin X, Chua PK, Ohira RH, Bryant-Greenwood GD 1997 An 
autocrine/paracrine role of human decidual relaxin. II. Stromelysin-1 
(MMP-3) and tissue inhibitor of matrix metalloproteinase-1 (TIMP-1). Biol 
Reprod 56:812–20 
30. Kristiansson P, Wang JX 2001 Reproductive hormones and blood 
pressure during pregnancy. Hum Reprod 16:13–7  
31. Hsu SY, Nakabayashi K, Nishi S, Kumagai J, Kudo M, Sherwood OD, 
Hsueh AJW 2002 Activation of orphan receptors by the hormone relaxin. 
Science 295:671–4 
32. Visse R, Nagase H 2003 Matrix metalloproteinases and tissue inhibitors 
of metalloproteinases. Structure, function, and biochemistry. Circ Res 
92:827–39 
33. Gabbiani G 1998 Evolution and clinical implications of the myofibroblast 
concept. Cardiovasc Res 38:545–8 
34. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA 2002 
Myofibroblasts and mechano-regulation of connective tissue remodeling. 
Nat Rev Mol Cell Biol 3:349–63 
35. Gabbiani G 1992 The biology of the myofibroblast. Kidney Int 41:530–2 
36. Moraes SG, Pinheiro MC, Toledo OM, Joazeiro PP 2004 Phenotypic 
modulation of fibroblastic cells in mice pubic symphysis during 
pregnancy, partum and postpartum. Cell Tissue Res 315:223–31 
3
70
Chapter 3 
 
68 
 
37. Madan MS, Liu ZJ, Gu GM, King GJ 2007 Effects of human relaxin on 
orthodontic tooth movement and periodontal ligament in rats. Am J 
Orthod Dentofacial Orthop 131:8.e1–0 
Chapter 3 
 
68 
 
37. Madan MS, Liu ZJ, Gu GM, King GJ 2007 Effects of human relaxin on 
orthodontic tooth movement and periodontal ligament in rats. Am J 
Orthod Dentofacial Orthop 131:8.e1–0 
3RLX stimulates MMP-2 and α-SMA expression by human PDLC 
 
67 
 
25. Chang YC, Yang SF, Lai CC, Liu JY, Hsieh YS 2002 Regulation of 
matrix metalloproteinase production by cytokines, pharmacological 
agents and periodontal pathogens in human periodontal ligament 
fibroblast cultures. J Periodontal Res 37:196–203 
26. Apalajahti S, Sorsa T, Railavo S, Ingman T 2003 The in vivo levels of 
matrix metalloproteinase-1 and -8 in gingival crevicular fluid during initial 
orthodontic tooth movement. J Dent Res 82:1018–22 
27. Bolcato-Bellemin AL, Elkaim R, Abehsera A, Fausser JL, Haikel Y, 
Tenenbaum H 2000 Expression of mRNAs encoding for α and β integrin 
subunits, MMPs, and TIMPs in stretched human periodontal ligament 
and gingival fibroblasts. J Dent Res 79:1712–6 
28. Qin X, Garibay-Tupas J, Chua PK, Cachola L, Bryant-Greenwood GD 
1997 An autocrine/paracrine role of human decidual relaxin. I. Interstitial 
collagenase (matrix metalloproteinase-1) and tissue plasminogen 
activator. Biol Reprod 56:800–11 
29. Qin X, Chua PK, Ohira RH, Bryant-Greenwood GD 1997 An 
autocrine/paracrine role of human decidual relaxin. II. Stromelysin-1 
(MMP-3) and tissue inhibitor of matrix metalloproteinase-1 (TIMP-1). Biol 
Reprod 56:812–20 
30. Kristiansson P, Wang JX 2001 Reproductive hormones and blood 
pressure during pregnancy. Hum Reprod 16:13–7  
31. Hsu SY, Nakabayashi K, Nishi S, Kumagai J, Kudo M, Sherwood OD, 
Hsueh AJW 2002 Activation of orphan receptors by the hormone relaxin. 
Science 295:671–4 
32. Visse R, Nagase H 2003 Matrix metalloproteinases and tissue inhibitors 
of metalloproteinases. Structure, function, and biochemistry. Circ Res 
92:827–39 
33. Gabbiani G 1998 Evolution and clinical implications of the myofibroblast 
concept. Cardiovasc Res 38:545–8 
34. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA 2002 
Myofibroblasts and mechano-regulation of connective tissue remodeling. 
Nat Rev Mol Cell Biol 3:349–63 
35. Gabbiani G 1992 The biology of the myofibroblast. Kidney Int 41:530–2 
36. Moraes SG, Pinheiro MC, Toledo OM, Joazeiro PP 2004 Phenotypic 
modulation of fibroblastic cells in mice pubic symphysis during 
pregnancy, partum and postpartum. Cell Tissue Res 315:223–31 

  
Chapter 4 
 
 
 
 
 
CMT-3 inhibits orthodontic tooth 
displacement in the rat 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
S. Henneman 
M.M. Bildt 
J.C. Maltha 
A.M. Kuijpers-Jagtman 
J.W. Von den Hoff 
 
Archives of Oral Biology 2007;52:571-8 
  
  
75
CMT-3 inhibits orthodontic tooth displacement in the rat 
 
71 
 
Abstract 
 
Objective: Orthodontic tooth movement requires extensive 
remodeling of the periodontal ligament (PDL) and the alveolar 
bone. Osteoclasts resorb bone, allowing teeth to migrate in the 
direction of the force. Matrix metalloproteinases (MMPs) are able 
to degrade the extracellular matrix of the periodontal tissues. 
Chemically modified tetracyclines (CMTs) can inhibit MMPs, but 
lack antimicrobial activity. We hypothesize that CMT-3 will 
decrease the rate of orthodontic tooth movement in the rat. 
Design: Eighteen Wistar rats received a standardized 
orthodontic appliance at one side of the maxilla. During 14 days, 
three groups of six rats received a daily dose of 0, 6 or 30 mg/kg 
CMT-3, and tooth displacement was measured. Thereafter, 
osteoclasts were counted on histological sections using an ED-1 
staining. Multi- and mononuclear ED-1-positive cells in the PDL 
were also counted. In addition, sections were stained for MMP-9. 
Results: CMT-3 significantly inhibited tooth movement (p = 
0.03) and also decreased the number of osteoclasts at the 
compression sides in the 30 mg/kg group (p < 0.05). Significantly 
more mono- than multinuclear ED-1-positive cells were present in 
the PDL, but no significant differences were found between the 
dosage groups. Osteoclasts in the 30 mg/kg group seemed to 
contain less MMP-9 than in the control. 
Conclusions: CMT-3 inhibits tooth movement in the rat, 
probably by reducing the number of osteoclasts at the resorption 
side. This might be due to induction of apoptosis in activated 
osteoclasts or reduced osteoclast migration. Reduced MMP activity 
by CMT-3 might also directly inhibit degradation of the organic 
bone matrix. 
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4.1 Introduction 
 
The periodontal ligament (PDL) has a relatively high turnover rate1 
and can therefore quickly adapt to mechanical forces, as for 
example during orthodontic tooth movement.2,3 The PDL is the first 
tissue to react to force application and without remodeling of the 
PDL, orthodontic tooth movement is not possible.4,5 Mechanical 
loading of the PDL induces the recruitment of osteoclasts.5 These 
cells are responsible for bone resorption during tooth movement, 
allowing the tooth to migrate in the direction of the applied force. 
Matrix metalloproteinases (MMPs) are essential for the 
degradation of the extracellular matrix of the periodontal tissues 
during remodeling.6 Elevated MMP levels have also been detected 
in crevicular fluid of orthodontic patients.7 MMPs produced by 
osteoclasts are able to solubilize the bone matrix.8 In addition to 
their role in physiological remodeling and tooth movement, MMPs 
also play a role in pathological tissue degradation as in 
periodontitis.9 In the 1980s it was found that tetracyclines inhibit 
MMP activity and by that could be useful in the treatment of 
periodontitis.10 This led to the development of chemically modified 
tetracyclines (CMTs), which lacked antimicrobial activity but 
retained anti-MMP activity.11 Up to now eight different CMTs have 
been described.12 Their mechanism of action is still not completely 
clear, but they are probably able to down-regulate MMP 
expression, inhibit pro-MMP activation or directly inhibit active 
MMPs.2 Several authors have investigated the inhibitory effects of 
CMTs on MMP activity in vitro and describe CMT-3 as one of the 
most potent CMTs.14–16 Specifically MMP-9 has been shown to be 
important for the migration of osteoclasts.17 It is conceivable that 
inhibition of this MMP by CMT-3 leads to an impaired osteoclast 
migration. CMTs may also directly inhibit the development of the 
ruffled border and thereby inhibit the resorbing activity of 
osteoclasts.18 Also, osteoclast formation from precursor cells might 
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be impaired by CMT-3.19 In a periodontitis model in rats, bone loss 
was prevented by CMTs.20,21  
We hypothesize that CMT-3 will reduce orthodontic tooth 
movement in our rat model by the inhibition of MMPs and a direct 
or indirect inhibitory effect on osteoclasts. 
 
 
4.2. Materials and methods 
 
4.2.1. Animals 
Eighteen young adult male Wistar rats (body weight 290–330 g) 
were used. The animals were acclimatized in the animal laboratory 
for 1 week before the start of experiment. Housing was under 
normal laboratory conditions and the animals received powdered 
laboratory rat chow (Sniff, Soest, The Netherlands) and water ad 
libitum. A standard 12-h light:12-h dark cycle was maintained. The 
experiment was approved by the Board for Animal Experiments of 
the Radboud University Nijmegen, The Netherlands. 
 
4.2.2. Appliance 
All 18 rats received an orthodontic appliance that delivered a 
mesially directed constant force of 10 cN to the three molars 
together at the right side of the maxilla, according to the splitmouth 
rat model described by Ren et al.22 The appliance was placed 
under general anesthesia. 
 
4.2.3. Administration of CMTs 
The rats were divided into three groups of six rats. The first group 
received a daily dose of 1 ml of vehicle only, by oral gavage, 
during 14 days. The vehicle consisted of 2% 
carboxymethylcellulose in physiological saline. Groups 2 and 3 
were given a daily dose of 1 ml vehicle with 6 and 30 mg CMT-3/kg 
bodyweight, respectively. CMT-3 was a gift of CollaGenex 
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Pharmaceuticals, Inc. (Newtown, Pennsylvania, USA). The 
increase in body weight was similar in all three groups. 
 
4.2.4. Measurement of orthodontic tooth displacement 
Orthodontic tooth displacement was measured with a digital caliper 
(Mitutoyo CO., Kawasaki, Japan) under general inhalation 
anesthesia (isofluorane and N2O, Abbott B.V., Hoofddorp, The 
Netherlands) at days 0, 3, 7, 10 and 14. The distance between the 
most mesial point of the maxillary molar unit and the enamel-
cementum border of the ipsilateral maxillary incisor at the gingival 
level was measured at the experimental and the control side. This 
split-mouth design was used to avoid confounding as a result of 
physiological distal drift of the rat molars, growth of the snout and 
the concomitant forward movement of the incisors, and the 
possible bilateral distal tipping of the incisors that are used as 
anchorage. Calculation of the differences between the incisor-
molar distances at the experimental and the control sides 
compensated for these effects. The net amount of orthodontic 
tooth displacement was considered to be the change in these 
differences.22 
 
4.2.5. Histology 
On day 14, the rats were anaesthetized with inhalation gas and 
were perfused through the left heart ventricle with 4% freshly made 
paraformaldehyde solution in 0.1 M phosphate-buffered saline 
(PBS). After perfusion, the right and left parts of the maxillae were 
dissected and fixated in 4% paraformaldehyde for an additional 24 
h at 4 ºC. After decalcification in 10% EDTA in water (pH 7.4) and 
paraffin embedding, parasagittal 7 mm sections were cut. Sections 
were mounted on SuperFrost/Plus slides (Menzel-Gläser, 
Braunschweig, Germany) and stained with haematoxylin-eosin for 
a general tissue survey.  
For immunohistochemistry, selected paraffin sections were 
deparaffinated and rehydrated. Osteoclasts were identified by the 
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ED-1 mouse–anti-rat monoclonal antibody (Instruchemie, Delfzijl, 
The Netherlands). This antibody recognizes a single-chain 
glycoprotein of 90–110 kDa that is expressed predominantly on the 
lysosomal membrane of myeloid cells.23 Next to macrophages and 
monocytes, it binds to osteoclasts and their precursors.24–26 Prior 
to the ED-1 staining, the sections were pre-incubated with 0.1% 
trypsin in Tris/HCl buffer and treated with 3% H2O2 in PBS to 
inactivate endogenous peroxidase. The sections were blocked with 
5% BSAinPBS (Sigma, St. Louis,USA) and incubated with the ED-
1 antibody 1:200 in 2% normal donkey serum (NDS, Biomeda, 
Foster City, USA) in PBS at 4 ºC overnight. After washing, the 
sections were incubated with a biotinylated donkey antimouse IgG 
antibody (Jackson ImmunoResearch, Westgrove, PA, USA). The 
sections were then incubated with ABC-peroxidase (Vector 
Laboratories, Burlingham, CA, USA), which was visualized by 
Sigma FastTM (Sigma, St. Louis, USA). The staining was enhanced 
with 0.5% CuSO4 in 0.9% NaCl. 
For the detection of MMP-9, the immunohistochemical 
procedure was similar to that of ED-1. The sections were washed, 
heated in 10 mM citrate buffer to 70 ºC in a microwave oven for 10 
min, and incubated with 0.075% trypsin at 37 ºC for 5 min. The 
sections were then rinsed in 0.075% glycine in PBS (PBSG) and 
pre-incubated in 10% NDS (Biomeda) in PBSG for 15 min. After 
removal of the pre-incubation medium, the monoclonal antibody 
against MMP-9 (Oncogene) was applied 1:20 in 2% NDS in PBS 
for 1 h. The sections were rinsed in PBSG again three times for 5 
min and a biotin-conjungated donkey anti-mouse second antibody 
(DaMBiO) 1:500 in 2% NDS in PBS (Biomeda) was applied. The 
immunolocalization was the same as for ED-1 staining. Sections 
without the primary antibodies were used as a negative control and 
were always blank. 
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4.2.6. Cell counting 
Three sections with an interval of 20–25 sections were chosen for 
both the experimental and control teeth of each rat. Sections 
showing the pulp of at least one root were selected for each study 
side. The mesial root of the first molar was excluded because it 
does not run perpendicular to the direction of tooth movement. In 
each section osteoclasts were counted at the mesial and distal 
side of the selected roots. Cells were considered to be osteoclasts 
if they were multinucleated, ED-1-positive, and located on or close 
to the bone surface.25,27 Osteoclasts within bone marrow spaces 
were not included. The counts from the three sections of each side 
(mesial or distal) were averaged to obtain the mean number of 
osteoclasts per side for each study root.  
The same procedure was followed to count mono- and 
multinuclear ED-1-positive cells in the PDL. They were counted on 
the same sections of both the experimental and the control teeth of 
each rat. The countings in the PDL were performed next to the 
same roots that were used for the osteoclast countings. Only ED-1-
positive cells that were not in contact with the bone or the root 
surface were counted. All countings were performed by the same 
investigator. 
 
4.2.7. Statistics 
The inhibiting effect of CMT-3 on the amount of tooth movement in 
the three experimental groups was evaluated with a regression 
analysis. Paired t-tests were performed to analyze differences in 
the number of osteoclasts between the mesial and distal sides of 
the roots. The same was done for the ED-1-positive cells in the 
PDL. The osteoclast numbers of the experimental and control roots 
in each group were compared with a Wilcoxon signed rank test 
because of a difference in variance. The differences in osteoclast 
numbers at either side of the roots between the three groups were 
compared with a Kruskall–Wallis one-way analysis of variance. 
The same was done for the countings of the ED-1-positive cells in 
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the PDL. The Student Newman Keuls test was used as a post hoc 
test. Differences were considered significant at p < 0.05. 
 
 
4.3. Results 
 
4.3.1. Amount of orthodontic tooth displacement 
Figure 1 shows tooth displacement in time. After 14 days, the 
molars of the animals in the 0, 6 and 30 mg/kg group had moved 
over 1.72 ± 0.53, 1.45 ± 0.18 and 1.13 ± 0.13 mm, respectively. 
The slopes of the regression lines through the data points of each 
rat represent the rate of orthodontic tooth movement. A regression 
analysis showed a significant dose-dependent inhibition of tooth 
movement by CMT-3 (p = 0.03). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 The effect of CMT-3 on tooth movement. Orthodontic tooth movement  
  was significantly inhibited by CMT-3 in a dose-dependent way  
  (p = 0.03). The data are shown as means ± S.D. 
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4.3.2. Histology 
Figure 2a shows an overview of an orthodontically moved second 
molar. ED-1-positive cells are visible as dark spots and are almost 
exclusively located at the mesial bone surfaces and in the marrow 
spaces. Cells were regarded as osteoclasts according to the 
criteria as described in the paragraph on cell counting in Section 
4.2.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Histological sections of rat molars stained with haematoxylin-eosin  
  and ED-1. (A) Overview of an experimental molar. Dentin (D), pulp  
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Histological sections of rat molars 
stained with haematoxylin-eosin and 
ED-1. (A) Overview of an experimen-
tal molar. Dentin (D), pulp CMT-3 in-
hibits orthodontic tooth displacement 
in the rat 79 (P), alveolar bone (B) 
and the periodontal ligament (L) are 
indicated.
ED-1-positive cells are stained brown. 
The frame indicates a field of interest, 
viewed in more detail in (B). (B) Con-
trol (1 and 2) and experimental (3 and 
4) roots of rats that received 0 mg/kg 
(1 and 3) or 30 mg/kg (2 and 4) CMT-3. 
The small arrows indicate osteoclasts, 
the large arrows indicate the direction 
of force in the experimentally moved 
teeth. (C) Detailed picture of an ED-1-
stained osteoclast.
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  (P), alveolar bone (B) and the periodontal ligament (L) are indicated.  
  ED-1-positive cells are stained brown. The frame indicates a field of  
  interest, viewed in more detail in (B). (B) Control (1 and 2) and  
  experimental (3 and 4) roots of rats that received 0 mg/kg (1 and 3) or  
  30 mg/kg (2 and 4) CMT-3. The small arrows indicate osteoclasts, the  
  large arrows indicate the direction of force in the experimentally  
  moved teeth. (C) Detailed picture of an ED-1-stained osteoclast. 
 
In panel 2b similar areas as indicated by the square in Figure 2a 
are represented. Figure 2b1 shows a control root of a rat that 
received no CMT-3. Distally from the root osteoclasts are present 
on the alveolar bone. Hardly any positive cells are present at the 
mesial side. Figure 2b2 shows a control root of a rat from the 30 
mg/kg group. The distribution of ED-1-positive cells is similar. At 
the mesial side of a representative experimental root of the  
0 mg/kg group, many osteoclasts are lining the alveolar bone, 
while at the distal side only few are present (Figure 2b3). However, 
at an experimental root of the 30 mg/kg group (Figure 2b4), less 
osteoclasts are present at the mesial side compared to the 0 mg/kg 
group. Figure 2c shows a larger magnification of an osteoclast 
stained with ED-1. The cell is close to the bone and has multiple 
nuclei. 
 
 
 
 
 
 
 
 
 
 
Figure 3 Immunohistochemical staining for MMP-9. Both pictures show the 
  mesial side of the bone of experimental roots in the 0 mg/kg group  
  (A) and the 30 mg/kg group. (B) The small arrows indicate  
  osteoclasts. 
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In panel 2b similar areas as indicated by the square in Figure 2a 
are represented. Figure 2b1 shows a control ro t of a rat that 
received no CMT-3. Distally from the ro t osteoclasts are present 
on the alveolar bone. Hardly any positive cells are present at the 
mesial side. Figure 2b2 shows a control ro t of a rat from the 30 
g/kg group. The distribution of ED-1-positive cells is similar. At 
the mesial side of a representative experimental ro t of the 
0 mg/kg group, many osteoclasts are lining the alveolar bone, 
while at the distal side only few are present (Figure 2b3). However, 
at an experimental ro t of the 30 mg/kg group (Figure 2b4), les  
osteoclasts are present at the mesial side compared to the 0 mg/kg 
group. Figure 2c shows a larger magnification of an osteoclast 
stained with ED-1. The cell is close to the bone and has multiple 
nuclei. 
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Representative stainings for MMP-9 are shown in Figure 3. 
The figure shows the mesial side of the experimental roots. 
Osteoclasts are visible as brown cells lining the alveolar bone 
surface. The osteoclasts in the 30 mg/kg group (Figure 3b) 
seemed to stain less for MMP-9 compared to the 0 mg/kg group 
(Figure 3a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Osteoclast numbers in the experimental and control roots.  
  Osteoclasts were counted at the mesial and distal sides of the roots.  
  (A) At the distal sides of the control teeth far more osteoclasts were  
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 present than at the mesial sides (*p < 0.05). (B) The number of  
  osteoclasts was significantly lower at the mesial side of the  
  experimental teeth in the 30 mg/kg group, than in the 0 and 6 mg/kg  
  group (#p = 0.037). In all three groups the number of osteoclasts at  
  the distal sides was significantly lower than at the mesial sides (*p <  
  0.05). 
 
4.3.3. Osteoclast number 
Osteoclasts were counted at the mesial and distal sides of the 
roots (Figure 4). At the mesial sides of the control teeth, 0.5 ± 0.5, 
0.3 ± 0.2 and 0.3 ± 0.3 osteoclasts were found for the 0, 6 and 30 
mg/kg CMT-3 groups, respectively (Figure 4a). These differences 
were not significant. At the distal sides of the control teeth 14.3 ± 
2.8, 13.6 ± 5.7 and 14.0 ± 3.1 osteoclasts were present, 
respectively. The number of osteoclasts at the distal sides of the 
control roots did not differ significantly between the three CMT 
groups. Significantly more osteoclasts were present at the distal 
sides than at the mesial sides (p < 0.05).  
At the mesial sides of the experimental teeth, 12.0 ± 4.7, 14.8 
± 4.1 and 6.9 ± 3.1 osteoclasts were present in the 0, 6 and 30 
mg/kg group, respectively (Figure 4b). The number of osteoclasts 
in the 30 mg/kg group was significantly lower than in the 0 and 6 
mg/kg groups (p < 0.05). At the distal sides, 0.9 ± 0.7, 0.9 ± 0.5 
and 1.9 ± 1.4 osteoclasts were present in the 0, 6 and 30 kg/mg 
group, respectively. This was not significantly different. In all three 
groups the number of osteoclasts at the distal side was 
significantly lower than at the mesial side (p < 0.05). 
 
4.3.4. ED-1-positive cells in the PDL 
Mono- and multinuclear ED-1-positive cells were counted 
separately to discriminate between osteoclasts and precursor cells. 
Figure 5 shows that both mono- and multinuclear cells are present 
in the PDL in all groups. Figure 6 shows the quantified results of 
these observations.  
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Figure 5 Details of histological sections of rat molar roots stained with  
  haematoxylin-eosin and ED-1. The pictures show experimentally  
  moved roots of rats that received 0 mg/kg (A) or 30 mg/kg CMT-3 (B).  
  The small arrows indicate mononuclear ED-1-positive cells in the PDL  
  and the large arrows multinuclear ED-1-positive cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Numbers of ED-1-positive cells in the PDL at the experimental roots.  
  Mononuclear as well as multinuclear cells were counted at the mesial  
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  (M) and distal (D) sides of the roots. At all sides, significantly more  
  mononuclear cells were present compared to multinuclear cells (*p =  
  0.001). No significant differences were found between the numbers of  
  mono- or multinuclear cells in the different dosage groups. 
 
For the 0, 6 and 30 mg/kg group the numbers of mononuclear 
cells were 32.4 ± 7.0, 26.6 ± 8.1 and 21.7 6.4 at the mesial sides 
and 26.3 ± 7.9, 20.8 ± 8.0 and 21.7 ± 6.4 at the distal sides, 
respectively. In all groups the numbers of mononuclear cells were 
significantly higher than the numbers of multinuclear cells; 7.2 ± 
1.7, 8.8 ± 4.3 and 8.9 ± 3.6 at the mesial sides and 4.7 ± 1.6, 2.9 ± 
2.0 and 5.7 ± 2.5 at the distal sides for the 0, 6 and 30 mg/kg 
group, respectively (p = 0.001). Between the different CMT dosage 
groups, no significant differences were found in the number of 
mononuclear cells or in the number of multinuclear cells. Although 
there seemed to be more mono- and multinuclear ED-1-positive 
cells at the mesial side compared to the distal side within the same 
dosage groups, this difference was not significant. 
 
 
4.4. Discussion 
 
The effects of CMT-3 on the rate of tooth movement and the 
number of osteoclasts on the alveolar bone surface were studied in 
the rat model as developed by Ren et al.22 CMT-3 significantly 
reduced the rate of tooth movement in a dose-dependent way. This 
is in agreement with a previous study using another synthetic MMP 
inhibitor.28 The present study further showed that a larger number 
of osteoclasts was present at the distal than at the mesial sides of 
the control roots. This corresponds with the earlier findings of Ren 
et al.27 The presence of osteoclasts at the distal sides is probably 
related to the physiological distal drift.29 In our 2-week experiment, 
the amount of distal drift was too small to measure a significant 
displacement and, therefore, the effect of CMTs on this process 
could not be determined. An effect of CMT-3 on distal drift is, 
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nevertheless, not likely since the number of osteoclasts at the 
distal sides of the control roots was similar for all CMT-3 
concentrations. 
As expected, the mesially directed orthodontic force induced a 
strong increase in the number of osteoclasts at the mesial side of 
the roots and a reduction at the distal side. The reduction at the 
distal side was independent of CMT-3 administration. However, the 
increase at the mesial side was strongly inhibited by CMT-3.  
Several inhibitory effects of CMTs on osteoclasts have been 
proposed by others. Some in vivo and in vitro studies suggest that 
CMTs inhibit the differentiation of osteoclasts from their precursors 
or stimulate osteoclast apoptosis.18,19,30 Since CMT-3 had no effect 
on the number of osteoclasts at the control roots in our study, an 
inhibitory effect on differentiation is more likely than a stimulation 
of osteoclast apoptosis. However, the number of ED-1-positive 
cells in the PDL was not affected by CMT-3. This suggests that 
CMT-3 has only an inhibitory effect on active osteoclasts, and not 
on osteoclast recruitment. It might only stimulate apoptosis in 
activated osteoclasts, which explains their lower number. An 
alternative explanation is that the number of ED-1-positive 
multinuclear cells in the PDL is in fact decreased, but it is 
compensated by osteoclasts detached from the bone. Other 
investigators have shown that tetracyclines reduce the number of 
podosomes in osteoclasts, which suggests that the adhesion of 
osteoclasts to the bone is impaired.31  
Next to an inhibition of their differentiation, the migration of 
osteoclasts might have been impaired by CMT-3. MMP-9 produced 
by osteoclasts is crucial for their migration through the collagen 
matrix.32 An inhibition of MMP-9 activity might therefore lead to 
impaired osteoclast migration and hence to an impaired 
recruitment to the resorption side. Our histological sections indeed 
seem to show less MMP-9 expression in the osteoclasts of the 30 
mg/kg group, although this was not quantified. The activity of 
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MMP-9 might also have been inhibited by CMT-3, but this cannot 
be detected by immunohistochemistry. 
Since MMPs produced by osteoclasts are involved in bone 
matrix breakdown,8 CMTs may also directly inhibit tooth 
movement. Alternatively, CMTs may have an indirect effect on 
bone resorption by inhibiting MMPs produced by osteoblasts. 
Osteoblast collagenases are thought to remove the unmineralized 
osteoid, allowing osteoclasts to adhere to the mineralized bone 
and start bone resorption.33 Moreover, inhibition of collagenases 
may also inhibit osteoclast activation, since collagen degradation 
fragments are known to stimulate their activity.34 Lastly, another 
tetracycline derivative, minocycline, was shown to increase 
cytosolic calcium in osteoclasts in vitro and thereby inhibit bone 
resorption.35 This might also occur with CMT-3. 
In conclusion, the hypothesis that CMT-3 reduces orthodontic 
tooth movement was confirmed by our study. This effect is most 
likely due to a direct inhibition of MMP activity as well as a 
decrease of the number of osteoclasts. CMT-3 might cause 
apoptosis in activated osteoclasts, their detachment from the bone, 
or an impaired differentiation from mononuclear into multinuclear 
precursor cells. More research has to be done to further elucidate 
the exact mechanisms of CMT action. Orthodontic tooth movement 
is often followed by relapse, which is the tendency of teeth to move 
back to their pre-treatment position. In relapse the same 
remodeling processes are thought to occur as in orthodontic tooth 
movement. Since CMTs are able to reduce the rate of orthodontic 
tooth movement, they might be useful in the prevention of relapse. 
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Abstract 
 
Background and Objective: The exact cause of orthodontic relapse 
is still unclear, although it is often suggested to be caused by 
periodontal collagen fibers. We hypothesize that long-lived 
collagen fibers in the periodontium cause relapse. The aim was to 
determine the half-life of periodontal collagen fibers around rat 
molars.  
Material and Methods: Thirty weanling rats were repeatedly 
injected with 3H-proline, and autoradiography of histological 
sections was performed at 1, 4, 8, 15, 22, 29, 36, 57, 78 and 113 d 
after labeling. Grain densities determined in specific areas of the 
periodontium were used to calculate collagen half-life.  
Results: The half-life (t½) was found to decrease from the 
supra-alveolar region to the apical periodontal ligament region. It 
was longer in the supra-alveolar region (1.39 ± 0.14 wk) compared 
with the deeper regions (p < 0.05). The t½ of the upper periodontal 
ligament region (0.78 ± 0.20 wk) was longer than that of the inter-
radicular periodontal ligament region (0.42 ± 0.07 wk, p < 0.05). 
The t½ of the apical periodontal ligament region was 0.61 ± 0.15 
wk.  
Conclusion: The data indicate that long-lived collagen fibers 
do not exist in the soft tissues of the periodontium, and are 
probably not responsible for relapse. The differences in collagen 
half-life might be caused by local variations in compressive strain 
induced by normal function. 
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5.1 Introduction 
 
One of the main problems in orthodontics is relapse. This is the 
phenomenon whereby teeth tend to return to their pretreatment 
position after treatment.1 Ten to 20 years post-treatment, < 30% 
the patients showed satisfactory alignment.2 In addition, the long-
term stability of tooth position is highly variable and unpredictable. 
Most relapse occurs shortly after removal of the appliance unless 
retention is applied.3,4 The amount of relapse in the first 3–12 mo 
post-treatment is indicative of the long-term outcome.5–7 
During relapse, phenomena similar to those during active tooth 
movement occur. At the former a apposition side, there is 
hyalinization of the periodontal ligament,8 osteoclast differentiation 
and recruitment, and undermining bone resorption.9–12 At the 
former resporption side, there is osteoblast activity, bone 
formation,11 and the formation of new periodontal ligament fibers.9 
These results suggest that relapse is related to a reversal of the 
mechanical conditions. Various mechanisms have been proposed, 
as follows: (I) reorganization of supporting tissues, especially of 
the fiber system; (II) muscular imbalance; (III) unusual tooth 
morphology and agenesis; and (IV) continued facial growth.1 The 
first mechanism might be responsible for immediate short-term 
relapse, while the other factors may be involved in long-term 
effects.12 Besides these factors, persisting malocclusion shows 
more relapse due to lack of solid interdigitation, although perfect 
alignment is no guarantee for stability.1  
The majority of studies examining the short-term effects of 
relapse focus on the collagen fiber system,13–15 however, elastic 
and oxytalan fibers have also been studied.16,17 Several decades 
ago it was suggested that stretched fibers at the former apposition 
side pull back teeth to their pretreatment position,13 however, 
remodeling of periodontal ligament fibers also occurs during 
retention.18 It was suggested that relapse is caused by 
dentogingival fiber bundles, because they need more time to 
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rearrange than periodontal ligament fibers.4,8,18 Others explained 
relapse by supra-alveolar collagen fibers that may persist for a 
longer period of time after experimental tooth movement.13–15 
Research in dogs indicates that relapse may also originate from 
compressed gingival fibers, because they change the mechanical 
properties of the entire gingival tissue.16,19 
The half-life of collagen fibers around the teeth of rats is 
described to vary from 1 to 12 d in the periodontal ligament, and 
from 2 to 152 d for the supra-alveolar fibers.19–23 Although these 
studies all used a radioactive precursor to determine half-life, the 
outcome is highly variable, probably due to the use of different 
techniques, such as autoradiography23–25 or scintillation 
counting.20–22,26 We hypothesize that long-lived collagen fibers in 
specific areas of the periodontium cause relapse after orthodontic 
treatment. To calculate the half-life of collagen in the periodontium 
of a rat molar, we determined the rate of disappearance of 
incorporated 3H-proline. To include all periodontal collagen fibers, 
repeated labeling started shortly after weaning. The 
autoradiography method was compared with liquid scintillation 
counting in skin samples of the same rats. 
 
 
5.2. Materials and methods 
 
5.2.1. Animals 
Wistar rats were bred at the central animal laboratory of the 
Radboud University. The animals were housed with one female 
and her male offspring per cage. A total of 30 weanlings (age 14 d) 
was used. They were housed in groups of two in normal laboratory 
conditions, with powdered laboratory rat chow (Sniff, Soest, The 
Netherlands) and water ad libitum. The experiment was approved 
by the Board for Animal Experiments of the Radboud University 
Nijmegen, The Netherlands. 
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5.2.2. Administration of 3H-proline 
All weanlings were repeatedly injected intraperitoneally with 
isotonic saline containing 3H-proline (0.55–1.5 TBq/ mmol; 
Amersham Biosciences, Little Chalfont, UK) at the age of 14, 17, 
21, 24, 27, 29, 31, 33 and 35 d. The total amount was 141 µCi (5.2 
GBq) 3H-proline per rat, which corresponds to about 0.5 mg of 
proline. The first injections were given at 14 d of age to ensure 
labeling of the collagen fibers formed during eruption of the molars. 
These early interventions had no negative effect on acceptance by 
the mother, and weight gain of the experimental animals was 
normal. 
 
5.2.3 Histology and autoradiography 
At 1, 4, 8, 15, 22, 29, 36, 57, 78 and 113 d after the last injection of 
3H-proline, thus starting from an age of 36 d, groups of three rats 
were killed by a lethal dose of inhalation anesthesia (isoflurane; 
Abbott BV, Hoofddorp, The Netherlands) followed by perfusion 
through the left heart ventricle with fresh 4% paraformaldehyde in 
0.1 M phosphate-buffered saline, pH 7.4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 The rat periodontium. (A) Hematoxylin and eosin staining of a  
  maxillary second molar with its periodontium. Dentin (D), periodontal  
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  ligament (P) and alveolar bone (AB) are indicated. The scale bar  
  represents 1000 µm. (B) The different areas of interest are indicated  
  and clustered into a supra-alveolar region (A), an upper periodontal  
  ligament region (B), an inter-radicular periodontal ligament region (C)  
 and an apical periodontal ligament region (D). 
 
The maxillae and half of each skin biopsy were fixed in 
paraformaldehyde for 24 h at 4 ºC, then rinsed in phosphate-
buffered saline. The other half of each skin biopsy was frozen for 
liquid scintillation counting. The maxillae were decalcified in 10% 
EDTA and embedded in paraffin; the skin samples for 
autoradiography were treated likewise. Parasagittal 7-µm-thick 
sections were cut from the molar region of the maxillae, and 
transverse sections from the skin samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Autoradiography of anatomical regions. Representative photographs  
  of the four anatomical regions: Supra-alveolar (A), upper periodontal  
  ligament (B), inter-radicular periodontal ligament (C) and apical  
  periodontal ligament (D). The left column shows samples from 1 d  
  after labeling, the right column from 11 wk after labeling. Dentin (D),  
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The maxillae were dissected, and skin biopsies were taken from 
the back of the animal. Every 25th section was mounted on 
SuperFrost/Plus slides (Menzel-Glaser, Braunschweig, Germany), 
and stained with hematoxylin and eosin to select suitable sections 
for autoradiography (Figure1a). Selected sections were coated with 
Kodak NTB-3 emulsion (Kodak Co., Rochester, NY, USA) for thin-
layer autoradiography, exposed for 2 mo, and faintly post-stained 
with hematoxylin and eosin. 
 
5.2.4 Liquid scintillation counting 
About 50 mg of back skin from each rat was completely digested 
overnight at 60 ºC in 1 ml buffer (pH 6.0) containing 1 mg of papain 
(Merck, Darmstadt, Germany), 0.2 M NaCl, 0.1 M sodium acetate, 
0.01 M L-cysteine HCl and 0.05 M EDTA. Then 300 µl digest was 
mixed with 3 ml Aqua Luma (Lumac-LSC, Groningen, The 
Netherlands) and counted in a liquid scintillation counter 
(LKBWallac, Turku, Finland). The total counts per milligram of skin 
for each time point were expressed as a percentage of the initial 
counts (= 100%). The half-life was calculated by nonlinear 
regression analysis (see Section 5.2.6).  
 
5.2.5 Grain count 
High-power photomicrographs were taken from 23 predefined 
areas around the maxillary second molar (Figure 1b) in selected 
sections, using a Zeiss Imager Z1 microscope with Zeiss AxioCam 
MRc5 (Carl Zeiss, Sliedrecht, The Netherlands). For each of the 23 
predefined areas, graphs were constructed showing the decrease 
in grain density over time, using the data from all rats. Grain 
density in the background of each section was subtracted. One 
photograph was also made of every skin sample. QWin software 
(Leica QWin Pro V2.5; Leica Microsystems Imaging Solutions Ltd, 
Cambridge, UK) was used to determine the number of grains on 
the photomicrographs in areas of about 100 µm2, avoiding areas 
with blood vessels and artifacts. Data were expressed as number 
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of grains per square micrometer. The 23 areas were clustered into 
the following four anatomical regions: (A) supra-alveolar (n = 6); 
(B) upper periodontal ligament (n = 10); (C) inter-radicular 
periodontal ligament (n = 3); and (D) apical periodontal ligament  
(n = 4; Figure 1b). 
 
5.2.6 Statistics 
Decay curves were constructed for each of the 23 individual areas 
(see Figure 3a) by fitting a nonlinear regression line through the 
individual data points. The mathematical formula of the regression 
lines is: y = yr + ae-bx. Where y = grains/area, yr = grains/area 
remaining, a = fitting variable, b = fitting variable, e = 2.7183,  
x = time (weeks). The 95% confidence interval was also plotted for 
each curve. The half-life (t½) for each area was calculated from the 
corresponding regression line with the mathematical formula:  
t½ = ln2/b. The individual t½ values were then clustered into four 
anatomical regions, because the confidence intervals of the 
corresponding regression lines were overlapping. The mean and 
standard deviation of the t½ values was then calculated for each of 
the four  anatomical regions (Figure 3b). Differences between the 
regions were evaluated by a one-way ANOVA followed by the 
Holm–Sidak multiple comparisons test, and were considered 
significant at p < 0.05. 
 
 
5.3 Results 
 
5.3.1 Histology 
A representative histological section of the upper second molar of 
a rat is shown in Figure 1a. The gingiva, periodontal ligament and 
alveolar bone could be clearly distinguished. In Figure 1b, the 
areas of interest are defined as supra-alveolar (A), upper 
periodontal ligament (B), inter-radicular periodontal ligament (C) 
and apical periodontal ligament (D) regions.  
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Figure 3 Half-life of the anatomical regions. (A) Representative decay curves  
  of the following four anatomical regions: supra-alveolar (A), upper  
  periodontal ligament (B), inter-radicular periodontal ligament (C) and  
  apical periodontal ligament (D). The thicker line represents the  
  nonlinear regression line, and the thinner lines the 95% confidence  
  interval. (B) Mean half-life of the four anatomical regions. The half-life  
  in the supra-alveolar region (A) is significantly longer than in the three  
  others regions (*p < 0.05). The half-life in the upper periodontal  
  ligament region is significantly longer than in the inter-radicular  
  periodontal ligament region (p < 0.05). 
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Figure 4 Collagen half-life in the skin. (A) Half-life is determined by grain  
  counts on autoradiographical sections. (B) Half-life is determined by  
  liquid scintillation counting of digested tissue. 
 
5.3.2 Autoradiography  
Representative  autoradiography pictures are shown from the four 
anatomical regions (A, B, C and D) at 1 d and 11 wk after the end 
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of labeling (Figure 2). At all time points, a stable band of labeling 
was observed within the dentin (Figure 2a, left and right). At 1 d 
after labeling (lefthand panels), large numbers of grains are visible 
in all regions. After 11 wk (righthand panels), hardly any grains 
remained except in the dentin.  
 
5.3.3 Half-life of periodontal collagen 
Figure 3a shows representative decay curves from the four 
anatomical regions. A fast decrease in grain density was observed 
in the early weeks. The highest initial rate of decrease was found 
in the inter-radicular periodontal ligament region (C) and the lowest 
rate in the supra-alveolar region (D). After 5 wk, the grain density 
in all regions had decreased to about zero. 
For each of the 23 areas, the collagen half-life was calculated 
from the decay curves. Then the mean half-life (t½) was calculated 
for each anatomical region (Figure 3b). The longest t½ (1.39 ± 0.14 
wk) was found for the supra-alveolar region, and was significantly 
higher than the others (p < 0.05). The t½ in the upper periodontal 
ligament region (0.78 ± 0.20 wk) was significantly longer than that 
of the inter-radicular periodontal ligament region (0.42 ± 0.07 wk, p 
< 0.05). Finally, the t½ in the apical periodontal ligament region 
(0.61 ± 0.15) was in between the latter two values, but not 
significantly different.  
 
5.3.4 Half-life of skin collagen 
In skin samples from each rat, the collagen half-life was 
determined by autoradiography of histological sections as well as 
liquid scintillation counting of digested skin (Figure 4). The t½ of 
skin as determined by autoradiography was 1.42 wk (Figure 4a;  
R2 = 0.84), while the t½ determined by liquid scintillation counting 
was 0.99 wk (Figure 4b; R2 = 0.89). 
 
 
Chapter 5 
 
 
102 
 
of labeling (Figure 2). At all time points, a stable band of labeling 
was observed within the dentin (Figure 2a, left and right). At 1 d 
after labeling (lefthand panels), large numbers of grains are visible 
in all regions. After 11 wk (righthand panels), hardly any grains 
remained except in the dentin.  
 
5.3.3 Half-life of periodontal collagen 
Figure 3a shows representative decay curves from the four 
anatomical regions. A fast decrease in grain density was observed 
in the early weeks. The highest initial rate of decrease was found 
in the inter-radicular periodontal ligament region (C) and the lowest 
rate in the supra-alveolar region (D). After 5 wk, the grain density 
in all regions had decreased to about zero. 
For each of the 23 areas, the collagen half-life was calculated 
from the decay curves. Then the mean half-life (t½) was calculated 
for each anatomical region (Figure 3b). The longest t½ (1.39 ± 0.14 
wk) was found for the supra-alveolar region, and was significantly 
higher than the others (p < 0.05). The t½ in the upper periodontal 
ligament region (0.78 ± 0.20 wk) was significantly longer than that 
of the inter-radicular periodontal ligament region (0.42 ± 0.07 wk, p 
< 0.05). Finally, the t½ in the apical periodontal ligament region 
(0.61 ± 0.15) was in between the latter two values, but not 
significantly different.  
 
5.3.4 Half-life of skin collagen 
In skin samples from each rat, the collagen half-life was 
determined by autoradiography of histological sections as well as 
liquid scintillation counting of digested skin (Figure 4). The t½ of 
skin as determined by autoradiography was 1.42 wk (Figure 4a;  
R2 = 0.84), while the t½ determined by liquid scintillation counting 
was 0.99 wk (Figure 4b; R2 = 0.89). 
 
 
Local variations in turnover of periodontal collagen fibers in rats 
 
01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Collagen half-life in the skin. (A) Half-life is determined by grain  
  counts on autoradiographical sections. (B) Half-life is determined by  
  liquid scintillation counting of digested tissue. 
 
5.3.2 Autoradiography  
Representative  autoradiography pictures are shown from the four 
anatomical regions (A, B, C and D) at 1 d and 11 wk after the end 
107
Local variations in turnover of periodontal collagen fibers in rats 
 
103 
 
5.4 Discussion 
 
The half-life of collagen in different parts of the periodontium of rat 
molars was determined by autoradiography. We hypothesized that 
long-lived periodontal collagen fibers might be responsible for 
orthodontic relapse. The novelty of this study is the definition of 
specific areas in the  periodontium, and the start of labeling prior to 
eruption of the molars. The latter was done to include possible 
long-lived fibers that are synthesized in an early stage of 
periodontal development, which could play a role in relapse. The 
23 individual areas were clustered into four anatomical regions. A 
significantly longer collagen half-life was found for the supra-
alveolar region (1.39 wk) compared with the upper periodontal 
ligament (0.78 wk), interradicular periodontal ligament (0.42 wk) 
and apical periodontal ligament regions (0.61 wk). In addition, the 
halflife in the upper periodontal ligament region was significantly 
longer than that in the inter-radicular periodontal ligament region. 
However, in all areas nearly all label had disappeared after about 5 
wk. 
In previous studies, collagen half-life has been determined 
either by autoradiography23–25 or by liquid scintillation counting.20–
22,26 For liquid scintillation counting, periodontal tissue samples 
have to be pooled, which only gives general data on collagen half-
life. We selected autoradiography in our study to determine half-life 
in specific regions of the periodontium. In addition, we compared 
the autoradiographical method and liquid scintillation counting in 
skin samples, in an attempt to validate the former method. Skin is 
a more homogeneous tissue than the periodontium, and available 
in much larger amounts. The half-life of skin collagen measured by 
liquid scintillation counting (0.99 wk) was shorter than that 
measured by autoradiography (1.42 wk). This might be caused by 
the inclusion of hair follicles and blood vessels in liquid scintillation 
counting, while these are excluded in autoradiography. However, 
this only holds true if the excluded structures have a relatively 
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short collagen half-life. Overall, the half-life of skin collagen was 
shorter than the 15 d reported by Sodek after liquid scintillation 
counting.26 That study, however, is based on short-term 
measurements of incorporation of 3H-proline into collagen, while 
ours is a long-term  autoradiographical study measuring the 
disappearance of labeled collagen. In addition, Sodek identifies a 
fast-degrading pool of newly synthesized collagen and a slow 
degrading pool of mature collagen, which are combined in our 
data.  
Our data on collagen half-life in the periodontium are in 
agreement with previous studies using 3H-proline labeling and 
autoradiography that report a half-life of 2.5–10 d in rats.23–25 The 
supra-alveolar region showed a longer half-life than the upper 
periodontal ligament, inter-radicular periodontal ligament and 
apical periodontal ligament regions. This is consistent with the 
lower turnover rate of gingival fibers compared with periodontal 
ligament or transseptal fibers reported earlier.20,22,24,25 The 
extremely long half-life of 152 d reported for incisor gingiva might 
be partly explained by the use of a pool-expansion approach, 
which tends to overestimate half-life of non growing gingival 
tissue.20 
The most interesting finding in our study is that collagen half-
life decreases from the supra-alveolar region down to the apical 
periodontal ligament region. The shortest collagen half-life, 
however, is found in the inter-radicular periodontal ligament region. 
These findings might be related to the strain distribution in the 
periodontal ligament during normal masticatory function. From 
finite-element and other studies, it appears that compressive 
strains during vertical loading are highest in the apical periodontal 
ligament region and in the inter-radicular periodontal ligament 
region.27,28 In contrast, tensional strains are highest in the cervical 
areas of the periodontal ligament. Compressive strain might 
increase collagen turnover in the periodontal ligament, thereby 
reducing half-life. This is supported by studies showing increased 
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expression of catabolic factors, such as tumor necrosis factor-α 
and MMP-1, at the resorption side of the periodontal ligament 
during tooth movement.29,30  
In conclusion, our data indicate that long-lived collagen 
molecules do not exist in the periodontal soft tissues, thus 
precluding the putative role of long-lasting collagen fibers in 
relapse. Alternatively, the elastic fiber system, including the 
oxytalan fibers, might contain long-lived fibers that contribute to 
orthodontic relapse.31,32 However, up to now, only limited data are 
available on a possible mechanical function of these fibers in the 
periodontal ligament. Further research is therefore required to 
elucidate the causative mechanism of orthodontic relapse. 
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Abstract 
 
A key process in PDL remodeling is the turnover of collagen. Aim 
of our study is to determine the turnover of collagen at multiple 
locations in the PDL of rats during orthodontic tooth movement, 
and to compare this with control molars without tooth movement. 
We hypothesize that the half-life of collagen during orthodontic 
tooth movement will be shorter than in the controls. We further 
hypothesize that the half-life at the bone resorption side of the 
moving tooth will be shorter than at the apposition side. Young rats 
were repeatedly injected with 3H-proline, and then received an 
orthodontic appliance at one  molar block, while the contralateral 
molar block served as control. Autoradiography of histological 
sections was performed at 6, 24, and 30 hours, and 2, 3, 4, 7, and 
84 days after appliance placement. Grain densities were 
determined in specific areas of the periodontium, and used to 
calculate collagen half-life. A half-life of about 9 days was found for 
the cervical regions, which was significantly higher than the half-
life of about 4 days in the PDL regions. There were no significant 
differences between the experimental and control molars of the 
rats nor between the resorption and apposition sides of the 
experimental molars. Unexpectedly, the turnover rate of collagen 
was therefore not influenced by experimental tooth movement. 
This suggests that the physiological turnover of collagen in 
response to functional strains, is already high enough to facilitate 
orthodontic tooth movement. 
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6.1 Introduction 
 
To optimize orthodontic treatment it is important to understand all 
aspects of the biological processes involved. This might for 
example offer possibilities to shorten treatment time and to avoid 
relapse, which is the tendency of teeth to return to their pre-
treatment position.1,2 Immediately after orthodontic force 
application, strain in the matrix of the PDL and the alveolar bone 
results in fluid flow and cell deformation. This leads to cell 
activation in the PDL and alveolar bone, and subsequently to PDL 
turnover and differential bone apposition and resorption. A key 
process in PDL remodeling is the turnover of collagen.3  
In the past, several authors investigated the turnover of 
collagen around the tooth under physiological conditions in rats 
using radioactive precursors.4-9 However, the calculated half-lives 
in these investigations varied from 1-11 days in the PDL to 2-11 
days for the supra-alveolar fibers. An explanation for this variation 
could be the use of different analytical methods, either 
autoradiography4,5 or scintillation counting.6-8,10 Due to these 
analytical differences, and also because different regions around 
the tooth are studied, comparison between investigations is 
difficult. However, the relative variations in half-lives around the 
tooth within one experiment are largely comparable. In general, 
previous studies showed that the half-life in the PDL is shorter than 
in the supra-alveolar region. Recently, we determined the half-life 
of collagen in 23 locations around the second molars of rats by 
autoradiography.11 The half-lives varied between 9.7 days in the 
supra-alveolar area and 2.9 days in the furcation region. These 
data confirm and extend the findings of previous studies. However, 
the turnover rate of collagen during orthodontic tooth movement 
has not been quantified before. The aim of our present study is to 
determine the turnover of collagen at multiple locations in the PDL 
of rats during orthodontic tooth movement, and to compare this 
with a control side without tooth movement. It is feasible that the 
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turnover is stimulated due to orthodontic tooth movement and 
therefore we hypothesize that the half-life of collagen in the supra-
alveolar region and PDL during orthodontic tooth movement will be 
shorter than at the control side. We further hypothesize that the 
shortest half-life will be found at the bone resorption side of the 
moving tooth.     
 
 
6.2 Material & Methods 
 
6.2.1 Animals 
Wistar rats were bred at the central animal laboratory of the 
Radboud university medical center. The animals were housed with 
one female and her male offspring per cage. A total number of 27 
young rats (age 14 days) was used. After weaning they were 
housed in groups of two to three under normal laboratory 
conditions with powdered laboratory rat chow (Sniff, Soest, The 
Netherlands) and water ad libitum. The experiment was approved 
by the Board for Animal Experiments of the Radboud university 
medical center, The Netherlands (RU-DEC 2009-134).  
 
6.2.2 Administration of 3H-proline 
All young rats were repeatedly injected intraperitoneally with 
isotonic saline containing 3H-Proline (0.55-1.5 TBq/mmol, 
Amersham Biosciences, GE Healthcare, Buckinghamshire, UK) at 
the age of 14, 17, 21, 24, 27, 29, 31, 33 and 35 days. The total 
amount was 141 μCi (5.2 GBq) 3H-proline per rat, which 
corresponds to about 0.5 mg of 3H-proline. The first injections were 
already given before weaning at 14 days of age to assure labeling 
of the collagen fibers formed during eruption of the molars. By this 
technique all collagen fibers were labeled with 3H-proline. These 
early interventions had no negative effect on acceptation by the 
mother, and weight gain of the experimental animals was normal. 
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6.2.3 Appliance placement and measurement of tooth 
movement 
All interventions were performed under general anesthesia induced 
with an intraperitoneal injection of FFM-mix containing fentanyl 
citrate 0.079 mg/ml, fluanisone 2.5 mg/ml (Jansen Animal /health, 
Beerse, Belgium) and midazolam 2.5 mg/ml (Roche, Mijdrecht, The 
Netherlands) in a dosage of 2.7 ml/kg body weight. During 
anesthesia extra oxygen was supplied to the rat.  
Twenty-four, of the 27 rats received an orthodontic appliance 
one day after the last injection of 3H-proline, thus starting from an 
age of 35 days. The remaining three rats were used for base-line 
data. For the experimental animals a split-mouth design was used 
with the contralateral side as control. The orthodontic appliance 
has been described extensively elsewhere.12 Briefly, three molars 
at the experimental side were together moved as one block to the 
mesial by a continuous force of 10 cN. A transversal hole was 
drilled through the alveolar bone and the two incisors at the mid-
root level using a drilling bur (E0205, Dentsply, Mortigny le 
Bretonneux, France). A 0.012 inch stainless steel ligature wire 
(Dentaurum, Pforzheim, Germany) was put through the hole and 
fixed. The orthodontic appliance consisted of an 0.008 inch 
stainless steel ligature wire (Dentaurum, Pforzheim, Germany) 
fitted around the right maxillary molar unit with a 10 cN Sentalloy® 
closed coil spring (0.009 inch, eyelet 0.022 inch, GAC, New York, 
USA) connected to it. The preformed 0.008 inch wire was bonded 
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gingival level was measured at the experimental and the control 
side. The split-mouth design was used to avoid confounding as a 
result of physiological distal drift of the rat molars, growth of the 
snout, the concomitant forward movement of the incisors, and the 
possible bilateral distal tipping of the incisors that are used as 
anchorage. Calculation of the differences between the incisor-
molar distances at the experimental and control sides 
compensated for these effects. The same investigator performed 
every measurement three times with the mean as the final value.  
 
6.2.4 Histology and autoradiography 
At one day after the last injection of 3H-proline (age 35 days), three 
rats without orthodontic appliance were sacrificed to obtain a base 
line. The remaining rats were sacrificed in groups of three rats at 6, 
24, 30 hours and 2, 3, 4, 7 and 84 days after appliance placement 
by a lethal dose of inhalation anesthesia (Isoflurane, Abbott B.V., 
Hoofddorp, The Netherlands) followed by perfusion through the left 
heart ventricle with fresh 4% paraformaldehyde in 0.1 M 
phosphate-buffered saline (PBS), pH 7.4. The maxillae were 
dissected, and skin biopsies were taken from the back of the 
animal for comparison between autoradiography and liquid 
scintillation counting. The maxillae and half of each skin biopsy 
were fixed in paraformaldehyde for 24 h at 4 ˚C, then rinsed in 
PBS. The other half of each skin biopsy was frozen for liquid 
scintillation counting. 
The maxillae were split in an experimental and control side, 
decalcified in 10% EDTA, and embedded in paraffin. The skin 
samples for autoradiography were treated similarly. Mesiodistal 7 
µm sections were cut of the molar region of the control side and 
experimental side, and transverse sections of the skin samples. 
Sections were stained with haematoxylin-eosin (H&E) to select 
suitable sections for autoradiography. Selected sections were 
coated with Kodak NTB-3 emulsion (Kodak Co., Rochester, NY, 
Turno er of periodontal coll gen fibers during orthodontic ooth movement i  rats
 
115 
 
gingival level was measured at the experimental and the control 
side. The split-mouth design was used to avoid confounding as a 
result of physiological distal drift of the rat molars, growth of the 
snout, the concomitant forward movement of the incisors, and the 
possible bilateral distal tipping of the incisors that are used as 
anchorage. Calculation of the differences between the incisor-
molar distances at the experimental and control sides 
compensated for these effects. The same investigator performed 
every measurement three times with the mean as the final value.  
 
6.2.4 Histology and autoradiography 
At one day after the last injection of 3H-proline (age 35 days), three 
rats without orthodontic appliance were sacrificed to obtain a base 
line. The remaining rats were sacrificed in groups of three rats at 6, 
24, 30 hours and 2, 3, 4, 7 and 84 days after appliance placement 
by a lethal dose of inhalation anesthesia (Isoflurane, Abbott B.V., 
Hoofddorp, The Netherlands) followed by perfusion through the left 
heart ventricle with fresh 4% paraformaldehyde in 0.1 M 
phosphate-buffered saline (PBS), pH 7.4. The maxillae were 
dissected, and skin biopsies were taken from the back of the 
animal for comparison between autoradiography and liquid 
scintillation counting. The maxillae and half of each skin biopsy 
were fixed in paraformaldehyde for 24 h at 4 ˚C, then rinsed in 
PBS. The other half of each skin biopsy was frozen for liquid 
scintillation counting. 
The maxillae were split in an experimental and control side, 
decalcified in 10% EDTA, and embedded in paraffin. The skin 
samples for autoradiography were treated similarly. Mesiodistal 7 
µm sections were cut of the molar region of the control side and 
experimental side, and transverse sections of the skin samples. 
Sections were stained with haematoxylin-eosin (H&E) to select 
suitable sections for autoradiography. Selected sections were 
coated with Kodak NTB-3 emulsion (Kodak Co., Rochester, NY,
Chapter 6 
 
116 
 
US) for thin layer autoradiography, exposed for 2 months, and
faintly post-stained with H&E.  
 
6.2.5 Grain counts 
High-power photomicrographs were taken from 23 predefined 
areas (Figure 1b) of the molar region with a Zeiss Imager Z1 
microscope with Zeiss AxioCam MRc5 (Carl Zeiss, Sliedrecht, The 
Netherlands). Two of the 23 predefined areas were outside the 
tissue and used for background counting. The difference between 
the counts for each predefined area and the background was used 
in outcome measurement. For each of the 21 predefined areas of 
interest, graphs were constructed showing the decrease in grain 
density over time. One representative photograph was also made 
of every skin sample for analysis. QWin software (Leica QWin Pro 
V2.5, Leica Microsystems Imaging Solutions Ltd., Cambridge, UK) 
was used to determine the number of grains in areas of about 
100x100 μm, avoiding blood vessels, artifacts and hair follic les in 
the skin sections. Data were expressed as the number of grains 
per μm².  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 The rat periodontium. (A) Haematoxylin and eosin staining of a  
  maxillary second molar and its periodontium. The scalebar represents  
  1000 μm. The interdental papilla (IP), alveolar bone (B), and PDL are  
  indicated. (B) Areas of interest are clustered into four regions: the  
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 cervical distal side (A), the PDL distal side (B), the PDL mesial side  
 (C), and the cervical mesial side (D).   
 
6.2.6 Liquid Scintillation Counting 
Liquid scintillation counting was performed on skin samples to 
verify the autoradiographical measurement technique. About 50 mg 
of skin from each rat was completely digested overnight at 60 °C in 
1 ml buffer (pH 6.0) containing 1 mg of papain (Merck, Darmstadt, 
Germany), 0.2 M NaCl, 0.1 M NaAc, 0.01 M L-cysteine HCl, and 0.05 
M EDTA. Then 300 µl digest was mixed with 3 ml Aqua Luma 
(Lumac-LSC, Groningen, The Netherlands), and counted in a liquid 
scintillation counter (LKB-Wallac, Turku, Finland). The total counts 
per mg of skin for each time point was plotted against time. The 
half-life was calculated by nonlinear regression analysis (see 
Section 6.2.7). 
 
6.2.7 Statistics 
Decay curves were constructed for each of the 21 individual areas 
by fitting a nonlinear regression line through the individual data 
points. The mathematical formula of the regression lines is: y = y0 
+ ae-bx. The 95% confidence interval was also plotted for each 
curve. The half-life (t1/2) for each area was calculated from the 
corresponding regression line with the mathematical formula: t1/2 = 
ln2/b. The mean half-lives of the four anatomical regions (A, B, C, 
and D), and the experimental and control molars were tested by 
one-way ANOVA followed by the Holm–Sidak multiple comparisons 
test, and were considered significant at p < 0.05. 
 
 
6.3 Results 
 
6.3.1 Histology 
A representative histological section of the upper second molar of 
a rat is shown in Figure 1a. The interdental papilla, periodontal 
ligament (PDL) and alveolar bone can be clearly distinguished. The 
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areas of interest are clustered into four regions: cervical distal side 
(A), PDL distal side (B), PDL mesial side (C) and cervical mesial 
side (D) (Figure 1b). For the experimental molars that were moved 
mesially, the distal side can be considered as the apposition side 
and the mesial side as the resorption side.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Autoradiography of representative areas in the experimental molars.  
 Photographs of representative areas of the four regions: cervical  
 apposition side, PDL apposition side, cervical resorption side and  
 PDL resorption side. At time point 1 (pictures left side) high numbers  
 of grains are visible in all tissues. After 84 days (right side) hardly any  
 grains are visible in all areas. In dentin high numbers of grains remain  
 after 84 days because the lack of turnover in this tissue. Gingiva (G),  
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 dentin (D), alveolar bone (B), and PDL are indicated. The scalebars  
 represent 100 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Exponential decay curves and calculated half-lives. (A) Exponential  
 decay curves of representative areas within the four regions of the  
 periodontium: cervical distal side (A), PDL distal side (B), PDL mesial  
 side (C), and cervical mesial side (D). The half-life and regression  
 coefficient of the representative areas are indicated in the graphs. (B)  
 Mean half-lives of the four regions of the periodontium: cervical  
 mesial side, PDL mesial side, cervical distal side, and PDL distal side. 
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6.3.2 Autoradiography and tooth movement   
Representative autoradiography pictures are shown from the four 
anatomical regions (A, B, C, D) of the experimental molars at one 
day and 84 days after the end of labeling (Figure 2). At one day 
after labeling (pictures left side), large numbers of grains are 
visible in all regions. After 84 days (right side), hardly any grains 
remain, except in the dentin. Clear evidence of bone remodeling 
was observed in these sections. From days 2 to 7, hyalinization 
was generally observed at the mesial (resorption) side of the 
experimental molars (pictures not shown). Orthodontic tooth 
movement was observed for the experimental molars  of all rats. 
The three rats sacrificed at 84 days showed an average amount of 
tooth movement of 4.69 ± 0.85 mm. 
 
6.3.3 Half-life of periodontal collagen 
Figure 3a shows representative decay curves from the four 
different regions at the experimental and control molars. A fast 
decrease in grain density was observed in all areas in the first 
seven days. The highest initial rate of decrease was found in the 
PDL at the distal and mesial sides (B and C). After 84 days, the 
grain density in all areas had decreased to about zero. No obvious 
differences were found between the experimental and control 
molars or between resorption (experimental, mesial) and 
apposition (experimental, distal) sides.  
For each of the 21 areas in both the control and the 
experimental molars, the collagen half-life was calculated from the 
decay curves. The areas were clustered into a cervical region and 
a PDL region because the respective half-lives in these regions 
were obviously different. Each of these was further divided into 
mesial and distal because of our hypothesis that these might show 
a different half-life (especially in the experimental molars). 
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Table 1 Mean half-lives of the four periodontal regions. Mean and standard 
deviation of the half-lives of collagen in the cervical region and PDL region in both 
control and experimental molars. 
control  mean SD 
CV mesial 10.4 0.7 
 distal 10.2 0.6 
PDL mesial 4.7 1.6 
 distal 4.8 1.3 
experimental  mean SD 
CV mesial 8.9 3.9 
 distal 7.8 0.7 
PDL mesial 4.2 1.9 
 distal 4.2 2.7 
 
Then, the mean half-life (t1/2) was calculated for each of the 
four anatomical regions (Figure 3b). The longest t1/2 (about 9 days) 
was found for the cervical regions in control and experimental 
molars at both the mesial and distal sides (Table 1). These were 
significantly higher than the t1/2 in the PDL regions at the same 
locations (about 4 days, p < 0.05). There were no significant 
differences between the distal and mesial sides (apposition and 
resorption side for the experimental molars) for both the cervical 
and PDL regions. There were also no significant differences 
between the experimental and control molars of the rats (Table 1). 
 
6.3.4 Half-life of skin collagen 
The collagen half-life in the skin samples of the rats was also 
determined by autoradiography of histological sections as well as 
liquid scintillation counting of digested skin (Figure 4). The t1/2 of 
skin as determined by autoradiography was 7.2 days (Figure 4a), 
while the t1/2 determined by LSC was 4.4 days (Figure 4b).  
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6.3.4 Half-life of skin collagen 
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skin as determined by autoradiography was 7.2 days (Figure 4a), 
while the t1/2 determined by LSC was 4.4 days (Figure 4b).  
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Figure 4 Half-life of collagen in skin. Determination of collagen half-life in skin.  
 by autoradiography (AR) (left picture) and liquid scintillation counting  
 (LSC) (right picture). The half-life and the regression coefficient are  
 indicated in the graphs. 
 
 
6.4 Discussion 
 
The aim of the present study was to determine the turnover of 
collagen at multiple locations in the PDL of rat molars during 
orthodontic tooth movement, and to compare this with control 
molars without tooth movement. The relevance of the study is to 
better understand the biological processes during orthodontic tooth 
movement and relapse. A key process in tooth movement is the 
turnover of collagen in the periodontium. We hypothesized that the 
half-life of collagen would be shorter at the experimental molars 
compared with the control molars, and also shorter at the mesial 
side of the experimental molars as compared with the distal side. 
Our previous study already showed that the half-life of collagen is 
longer in the cervical region than in the PDL region without tooth 
movement.11 For the present study most time points for analysis 
were therefore chosen in the first week after the administration of 
3H-proline. Clustering of areas around the molar allowed 
comparison of the apposition (distal) and resorption (mesial) side 
during orthodontic tooth movement but also between control and 
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experimental molars. The half-lives around the control molars are 
similar to the half-lives observed in our previous study,11 and also 
comparable to the findings of other authors that used 
autoradiography.5,13,14 The cervical region showed a significant 
higher half-life than the PDL region. In our previous study we 
suggested that this might be due to higher compressive strains in 
the PDL during masticatory function.7,11,13,14 Surprisingly, no 
differences were found between the half-life of the experimental 
and the control molars. Also no difference was found between the 
half-life at the apposition and resorption sides of the experimental 
molars. During tooth movement several biochemical signals are 
generated in response to matrix strain after force application. Cells 
possess several mechanisms of mechanotransduction including 
integrin-extracellular matrix interactions, cadherin complexes in 
cell-cell adhesions, stretch-sensitive ion-channels, and growth-
factor receptors.15-19 Mechanotransduction  leads to the production 
of mediators such as PGE2 and cytokines, and finally to the 
apposition of bone by osteoblasts and resorption of bone by 
osteoclasts.3 Under physiological conditions like chewing and 
swallowing, matrix strain is variable due to the variable forces 
acting on the teeth. The continuously changing strains in the 
periodontium during normal function might explain the high 
turnover rate of collagen in physiological conditions. The 
application of a uni-directional orthodontic force superposed on the 
physiological force pattern induces bone apposition at one side of 
the tooth and resorption on the other side. Apparently, the turnover 
of PDL collagen in physiological conditions is already high enough 
to facilitate orthodontic tooth movement. 
In this study the half-life of collagen in skin was determined 
both by autoradiography and by liquid scintillation counting (LSC) 
to validate the autoradiography method and to compare with other 
studies on skin. The half-life of skin was 7.2 days as determined by 
autoradiography and 4.4 days as determined by LSC. These half-
lives are somewhat lower than in our previous study (9.9 and 6.9 
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days, respectively).11 This difference might be explained by the 
concentration of data points within the first week, which might 
influence the accuracy of the decay curves, and influence the 
calculated half-life. The consistent differences between both 
methods might be explained by the fact that in autoradiography the 
areas to be measured are more precisely defined by excluding 
blood vessels and voids like hair follicles, while these are included  
in LSC.  
The most interesting finding of this study is that the turnover of 
collagen is not influenced by orthodontic force application, which 
means that our hypothesis has to be rejected. This implies that the 
normal physiological turnover rate of collagen is already high 
enough to accommodate orthodontic tooth movement.  
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7.1 Introduction 
 
Important clinical problems in orthodontics that have not been 
solved yet are root resorption, pain after activation of the 
appliances, visible enamel damage after debonding, long treatment 
duration, and relapse of tooth movement. This thesis deals with the 
last two problems: long treatment duration and relapse of 
orthodontic tooth movement. It is hypothesized that these problems 
can be solved, at least partly, by either stimulating (long treatment 
duration) or inhibiting collagen turnover (relapse). Stimulating 
collagen turnover in the periodontal ligament may increase the rate 
of orthodontic tooth movement and thereby shorten treatment 
duration. On the other hand inhibiting collagen turnover could 
result in less tooth movement and hence a more stable tooth 
position after the appliances have been removed. Modulation of 
the collagen turnover might be achieved by the application of 
specific target drugs. The experimental studies described in this 
thesis investigate the possibility to modulate collagen turnover in 
vitro (chapter 3), and in vivo (chapter 4). In addition, the turnover 
rate of periodontal collagen in the rat is studied under physiological 
conditions and during orthodontic tooth movement (chapters 5 and 
6).  
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7.2 Discussion 
 
In chapter 2 we reviewed the biomechanical and biological 
processes that regulate orthodontic tooth movement. We 
developed a theoretical model that clarifies the cascade of events 
in the periodontium after the application of an orthodontic force by 
integrating biomechanical and biological processes. The model is 
summarized in Figure 1 in chapter 2. Briefly, this cascade is 
triggered by external force application and the subsequent strain in 
the extracellular matrix as well as the cells residing in the 
periodontal ligament (PDL). These mechanical cues trigger the 
local production of mediators and cell differentiation, proliferation, 
and migration. Finally, these events lead to remodeling processes 
in the PDL and the alveolar bone that allow orthodontic tooth 
movement. This model shows that the PDL is the key tissue in the 
initiation and propagation of tooth movement.  
One of the possibilities to influence turnover of the PDL 
matrix might be the application of relaxin, a hormone that 
stimulates degradation of the ECM by MMPs in the human body. 
The in vitro effect of relaxin on MMP-2 expression by human PDL 
cells is reported in chapter 3. MMP-2 expression was increased 
about twofold by relaxin but total MMP activity was not affected. A 
stimulation of α-smooth muscle actin expression was also found. 
Other investigators more recently showed that relaxin decreases 
collagen-I synthesis and increases MMP-1 synthesis by stretched 
PDL cells in vitro.1 This suggests that relaxin might enhance 
orthodontic tooth movement and shorten treatment duration. 
However, animal studies in rats2 and dogs3 were unable to show a 
significant effect of relaxin on orthodontic tooth movement. Also, a 
recent randomized clinical trial in humans showed no effect of 
relaxin on tooth movement.4 This discrepancy between in vitro and 
in vivo results might be due to suboptimal clinical dosage or 
inefficient drug application. In other fields such as diseases of the 
cardiorenal system, relaxin seems to prevent the accumulation of 
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collagen and thereby normalizes renal blood pressure.5,6 In the 
field of orthodontic tooth movement, other hormones such as 
parathyroid hormone, thyroxin and corticosteroids might  be more 
promising.7 All these candidate drugs, however, have a systemic 
effect. Therefore smart local drug release systems have to be 
developed before pharmacological modification of rate of tooth 
movement becomes a reality.  
Alternatively, non-pharmacological approaches such as 
surgically facilitated orthodontic treatment (for example by alveolar 
corticotomy) and low intensity laser treatment are introduced as an 
adjunct to orthodontic treatment, especially in adult patients. In a 
recently published systematic review Hoogeveen et al.8 conclude 
that there is evidence that surgically facilitated orthodontic 
treatment increases the rate of orthodontic tooth movement at least 
temporarily. However, so far no prospective controlled clinical 
studies are available that compared treatment duration and 
treatment outcome. Kalemaj et al.9  reviewed the available 
literature on this topic as well and they reached the same 
conclusion. They also included other means of adjunctive therapy 
in their systematic review such as interseptal bone reduction, low 
level lase therapy (LLLT), devices releasing – intra-orally or extra-
orally- extracorporeal shock waves (ESWT), pulsed 
electromagnetic field (PEMF) and electrical current. They could 
only find some evidence for a slight effect of LLLT on orthodontic 
tooth movement, which was nog clinically relevant. They concluded 
that other adjunctive interventions need more well-designed clinical 
research before they can be considered as evidence-based 
practice. 
A promising approach to prevent relapse might be the use of 
drugs that inhibit the turnover of extracellular matrix after 
treatment. Chapter 4 reports the effects of a general MMP inhibitor 
(CMT-3) on orthodontic tooth movement in rats. It is shown that 
CMT-3 inhibits orthodontic tooth movement, probably by a 
decrease in collagen degradation in the PDL. Furthermore, it 
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reduces the number of osteoclasts at the resorption side of the 
alveolar bone and consequently it decreases alveolar bone 
resorption. Whether this is caused by reduced osteoclast 
differentiation, migration, or increased apoptosis of osteoclasts, 
remains to be elucidated. Further animal and clinical studies are 
needed to explore the actual effect of MMP-inhibitors to prevent 
orthodontic relapse. CMT-3 has recently been shown to slow down 
tumor growth and invasion in specific types of cancer10 but also the 
progression of periodontitis.11 
The turnover of collagen fibers is a crucial process for 
maintaining the PDL under physiological conditions as well as for 
facilitating orthodontic tooth movement and relapse. Therefore, 
knowledge of collagen turnover, and particularly the rate at which it 
takes place, is essential for understanding the two clinical 
phenomena. Based on literature, it could be hypothesized that the 
collagen turnover rate in the PDL proper will increase during 
orthodontic tooth movement, and that long-living collagen fibers in 
the supra-alveolar region are a causative factor for relapse. 
Furthermore we hypothesized that the turnover rate of collagen at 
the resorption side of the moving tooth would be faster than that at 
the apposition side. The aim of the studies reported in chapters 5 
and 6 was to determine the turnover rate of periodontal collagen 
fibers around the roots of rat molars under physiological conditions 
and during orthodontic tooth movement. In both conditions, the 
collagen turnover rate showed a gradual decrease from the supra-
alveolar area to the apex of the root. However, the half-life of the 
fibers in none of the areas  exceeded 1-2 weeks. This clearly 
shows that long-living collagen fibers do not exist in the 
periodontium of rats. This is in contrast with some classical 
histological studies that are frequently cited in later studies and 
textbooks,12-14 but in accordance with other studies that, like ours, 
are based on autoradiography.15-17 Consequently, a role for 
collagen fibers in relapse is highly questionable. The local 
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may be related to the differences in orientation of fiber groups, 
since this results in variations in fiber strain during normal function. 
This holds true not only under physiological conditions, but also 
during orthodontic tooth movement. Surprisingly, also no 
differences in collagen turnover rate were found between the 
resorption and apposition sides of the experimental molars. This 
strongly suggests that the turnover rate of collagen is not 
influenced by experimental tooth movement. Probably, the 
physiological turnover rate of collagen in response to functional 
strains, is already high enough to accommodate orthodontic tooth 
movement. These unexpected findings should be confirmed using 
other techniques that enable the study of both collagen synthesis 
and degradation.  
To further investigate the possible causes of relapse, studies 
should focus on other fiber systems present in the gingiva and 
PDL. For example blood vessel-related oxytalan fibers and elaunin 
fibers.18,19  
The in vitro and in vivo studies in this thesis indicate that 
CMT-3 might potentially be used in the prevention of relapse, but 
further animal experiments and clinical research is needed. From 
our  in vitro studies on relaxin, and some other more recent animal 
and human studies, it can be concluded that relaxin is not the first 
drug of choice to shorten orthodontic treatment duration.  As 
shown in this thesis, the basal turnover rate of collagen fibers in 
the PDL in physiological conditions not only seems to be high 
enough for adaptation to functional loading like chewing, but also 
high enough to accommodate orthodontic tooth movement. 
Therefore research on drugs to accelerate orthodontic tooth 
movement should focus on stimulating bone remodeling or 
remodeling of other components of the ECM. Future studies on the 
use of drugs to accelerate orthodontic tooth movement or to 
prevent relapse should also focus on administration protocols 
(local or systemic) and patient discomfort. 
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Chapter 1 gives an overview of clinical, animal experimental and in 
vitro cell culture research in the field of orthodontics with emphasis 
on the biological processes in tooth movement. The main cues for 
regulating tooth movement are generated in the periodontal 
ligament (PDL). A key process enabling tooth movement is the 
turnover of collagen fibers in the PDL. The main enzymes that 
degrade collagen fibers during tooth movement are the matrix 
metalloproteinases (MMPs) and the cysteine proteinases. The 
production of these enzymes can be stimulated by growth factors 
and cytokines but also by hormones. The modulation of MMP 
production and activity might affect orthodontic tooth movement. 
Increased degradation of collagen might enhance tooth movement, 
while reduced degradation might prevent relapse. Up to now, the 
exact turnover rate of the collagen fibers in the PDL and gingiva 
under physiological conditions is still unclear as are the effects of 
orthodontic tooth movement on turnover.  
 
Chapter 2 is a literature review on the mechanical and biological 
signaling pathways during orthodontic tooth movement. A new 
theoretical model is developed that clarifies the complex cascade 
of events taking place after the application of an orthodontic force. 
This theoretical model describes the induction of orthodontic tooth 
movement in four stages: 1. Matrix strain in the PDL and alveolar 
bone resulting in fluid flow; 2. Cell strain inducing the production of 
signaling molecules; 3. Activation of fibroblasts and osteoblasts in 
the PDL and osteocytes in the alveolar bone, and osteoclast 
recruitment; 4. Coordinated remodeling of the PDL and the alveolar 
bone that enables tooth movement. This theoretical model might 
help researchers and clinicians to understand the complex 
biological consequences of the application of an orthodontic force. 
 
In Chapter 3, the effects of the protein hormone relaxin on MMP 
production by human PDL cells is studied in vitro. A key 
physiological role of relaxin is the stimulation of collagen 
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degradation in the pelvic ligaments to facilitate delivery. Similar 
effects might stimulate the remodeling of the PDL and thus 
enhance orthodontic tooth movement. In this study, human PDL 
cells were incubated with relaxin, and total MMP activity, MMP-2 
and MMP-9 expression, and α-smooth musle actin expression (α-
SMA), were determined. A dose-dependent increase of MMP-2 and 
α-SMA expression was found, which indicates an activated state of 
the PDL cells.  
 
Chapter 4 describes the effects of a chemically modified 
tetracycline (CMT-3) on orthodontic tooth movement in rats. CMTs 
are able to inhibit MMPs, but lack the antimicrobial activity of 
unmodified tetracyclines. The inhibition of MMPs in the PDL might 
decrease relapse by inhibiting tooth movement after treatment 
completion. Standardized orthodontic tooth movement was 
performed in rats and molar displacement was measured. CMT-3 
inhibited orthodontic tooth movement in a dose-dependent manner. 
The number of osteoclasts at the resorption side was also lower 
and these cells seemed to contain less MMP-9. CMT-3 therefore 
seems to inhibit orthodontic tooth movement in rats by reduced 
osteoclast recruitment and activity at the resorption side. In 
addition, CMT-3 might inhibit MMP activity in the PDL and thereby 
further inhibit tooth movement. 
 
Chapter 5 investigates the turnover of periodontal collagen fibers 
in rats under physiological conditions by means of 3H-proline 
labeling and autoradiography. In order to label most of the collagen 
fibers, weanling rats were injected with 3H-proline at regular 
intervals. Autoradiography of histological sections was performed 
at sequential time-points after the last labeling and the half-life of 
collagen was determined at multiple locations along the root 
surface. The half-life was longest in the supra-alveolar region but 
even there it was shorter than two weeks, which indicates a high 
turnover of collagen fibers. These findings indicate that throughout 
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the PDL, collagen fibers are completely remodeled during long-
term tooth movement and thus cannot be responsible for relapse. 
The local variations in the turnover of collagen fibers in the PDL 
might be caused by local differences in strain levels induced by 
physiological forces such as chewing. 
 
Chapter 6 describes the turnover of collagen fibers during 
orthodontic tooth movement in rats. It was hypothesized that the 
collagen turnover would be higher during orthodontic tooth 
movement due to increased remodeling of the PDL and that the 
turnover would be higher at the resorption side than at the 
apposition side of the moving tooth. Again, weanling rats were 
repeatedly injected with 3H-proline to label PDL collagen. An 
orthodontic appliance was then placed around one maxillary molar 
block of each rat to induce tooth movement. As in the previous 
study, autoradiography was performed on histological sections of 
the moved molars and the control side to determine collagen half-
life. Unexpectedly, the turnover of collagen was not increased 
during orthodontic tooth movement. Also, collagen turnover was 
not higher at the resorption side than at the apposition side of the 
root. These results suggest that the physiological turnover of 
collagen in the PDL is enough to accommodate orthodontic tooth 
movement. 
 
Chapter 7 is the general discussion. The studies described in this 
thesis were performed against the background of the two main 
clinical problems in orthodontics; long treatment duration and 
relapse after treatment. Tooth movement might be enhanced by 
drugs such as relaxin, although recent in vivo studies suggest that 
relaxin is not clinically effective. Inhibition of relapse by MMP 
inhibitors such as CMTs might be feasible but further research in 
animal models is required and the feasibility of clinical application 
of these drugs should be tested. The in vivo studies on collagen 
turnover in the PDL indicate that the rate of turnover is not affected 
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by tooth movement. This unexpected finding suggests that the 
solution to both key issues in orthodontics does not lie in the 
modulation of collagen turnover but possibly in the modulation of 
other biological processes such as osteoclast differentiation, 
recruitment and activity.  
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Hoofdstuk 1 geeft een overzicht van klinisch, dierexperimenteel 
en in vitro onderzoek op het gebied van de orthodontie met de 
nadruk op de biologische processen tijdens tandverplaatsing. De 
belangrijkste signalen voor regulatie van tandverplaatsing worden 
gegenereerd in het parodontaal ligament (PDL). De ombouw van 
collageenvezels in het PDL speelt een sleutelrol bij  
tandverplaatsing. De belangrijkste enzymen die tijdens 
tandverplaatsing collageenvezels afbreken zijn matrix 
metalloproteinases (MMP’s) en cysteïne proteinases. De productie 
van deze enzymen kan worden gestimuleerd door groeifactoren en 
cytokines maar ook door hormonen. De modulatie van MMP-
productie en -activiteit kan mogelijk orthodontische 
tandverplaatsing beïnvloeden. Verhoogde afbraak van collageen 
zou tandverplaatsing kunnen bevorderen, terwijl een verminderde 
afbraak mogelijk relapse voorkomt. Tot op heden is de exacte 
ombouwsnelheid van collageenvezels in het PDL en de gingiva 
onder fysiologische omstandigheden nog niet bekend. Tevens zijn 
de effecten van orthodontische tandverplaatsing op de ombouw 
van collageenvezels onbekend. 
 
Hoofdstuk 2 is een literatuuroverzicht van de mechanische en 
biologische regulatie van orthodontische tandverplaatsing. Een 
nieuw theoretisch model is ontwikkeld dat de complexe cascade 
van de gebeurtenissen die plaatsvinden na het aanbrengen van 
een orthodontische kracht verduidelijkt. Dit theoretische model 
beschrijft de initiatie van orthodontische tandverplaatsing in vier 
fases: 1. Vervorming van het PDL en het alveolaire bot waardoor 
een vloeistofstroom ontstaat; 2. Vervorming van cellen dat de 
productie van signaalmoleculen opwekt; 3. Activatie van 
fibroblasten en osteoblasten in het PDL, osteocyten in het alveolair 
bot en de rekrutering van osteoclasten; 4. Gecoördineerde 
ombouw van het PDL en het alveolaire bot dat tandverplaatsing 
mogelijk maakt. Dit theoretische model kan mogelijk onderzoekers 
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metalloproteinases (MMP’s) en cysteïne proteinases. De productie 
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cytokines maar ook door hormonen. De modulatie van MMP-
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en clinici helpen de complexe biologische gevolgen van het 
aanbrengen van een orthodontische kracht te begrijpen. 
 
In hoofdstuk 3 zijn de effecten van het hormoon relaxine op de 
MMP productie door humane PDL cellen in vitro onderzocht. 
Relaxine stimuleert collageenafbraak in de bekkenligamenten om 
de bevalling te vergemakkelijken. Vergelijkbare effecten kunnen 
mogelijk de ombouw van het PDL stimuleren, waardoor 
orthodontische tandverplaatsing wordt bevorderd. In deze studie 
werden humane PDL cellen geïncubeerd met relaxine en 
vervolgens werd de totale MMP-activiteit, de expressie van MMP-
2, MMP-9 en α-smooth muscle actine  (α-SMA) bepaald. Een 
dosis-afhankelijke toename van MMP-2 en α-SMA expressie werd 
gevonden, dat wijst op activering van de PDL cellen.      
 
Hoofdstuk 4 beschrijft de effecten van een chemisch 
gemodificeerd tetracycline (CMT-3) op orthodontische 
tandverplaatsing in ratten. CMT’s kunnen MMP’s remmen, maar 
missen de antimicrobiële  activiteit van normale tetracyclines. De 
remming van MMP’s in het PDL kan mogelijk tandverplaatsing na 
beëindiging van de orthodontische behandeling (relapse) 
voorkomen. Op een gestandaardiseerde wijze is orthodontische 
tandverplaatsing uitgevoerd bij ratten. CMT-3 remde 
orthodontische tandverplaatsing op een dosis-afhankelijke wijze. 
Het aantal osteoclasten aan de resorptiezijde was lager dan in de 
controles en deze cellen leken minder MMP-9 te bevatten. CMT-3 
lijkt dus  orthodontische tandverplaatsing te remmen door een 
verminderde rekrutering en activiteit van osteoclasten aan de 
resorptiezijde. Daarnaast remt CMT-3 mogelijk de MMP-activiteit in 
het PDL wat ook tandverplaatsing kan verminderen.   
 
Hoofdstuk 5 beschrijft de ombouw van parodontale 
collageenvezels in ratten onder fysiologische condities door middel 
van autoradiografie na labeling met 3H-proline. Om zoveel mogelijk 
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collageenvezels te markeren, werden jonge ratten herhaaldelijk 
geïnjecteerd met 3H-proline. Autoradiografie van histologische 
coupes werd uitgevoerd op verschillende momenten na de laatste 
labeling en de halfwaardetijd van collageen op verschillende 
locaties langs het worteloppervlak werd berekend. De 
halfwaardetijd was het langst in het supra-alveolaire gebied, maar 
zelfs daar was het korter dan twee weken. Dit is een indicatie voor 
een hoge ombouwsnelheid van  collageenvezels. Deze resultaten 
tonen aan dat collageenvezels in het PDL volledig worden 
omgebouwd tijdens langdurige tandverplaatsing en dus niet de 
oorzaak kunnen zijn van de daaropvolgende relapse. De lokale 
verschillen in de ombouw van collageenvezels in het PDL worden 
mogelijk veroorzaakt door lokale variaties in vervorming ten 
gevolge van fysiologische krachten zoals kauwkrachten. 
 
Hoofdstuk 6 beschrijft de ombouw van collageenvezels tijdens 
orthodontische tandverpaatsing in ratten. De hypothese was dat de 
ombouwsnelheid van collageen hoger zou zijn tijdens 
orthodontische tandverplaatsing door een verhoogde ombouw van 
het PDL. Bovendien zou de ombouwsnelheid hoger zou zijn aan de 
resorptiezijde dan aan de appositiezijde van de bewegende tand. 
Wederom werden jonge ratten herhaaldelijk geïnjecteerd met 3H-
proline om het PDL-collageen te labelen. Een orthodontisch 
apparaat werd vervolgens rond een maxillair molaarblok van elke 
rat geplaatst om tandverplaatsing teweeg te brengen. Evenals in 
hoofdstuk 5 werd autoradiografie uitgevoerd op histologische 
coupes van de molaren aan de experimentele en de controle zijde. 
Hiermee werd de halfwaardetijd van collageen berekend. Tegen de 
verwachting in  bleek de ombouwsnelheid van collageen niet 
verhoogd te zijn tijdens orthodontische tandverplaatsing. 
Bovendien was de ombouwsnelheid van collageen aan de 
resorptiezijde en aan de appositiezijde gelijk. Deze resultaten 
suggereren dat de fysiologische ombouwsnelheid van collageen in 
het PDL al voldoende is voor orthodontische tandverplaatsing.  
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Hoofdstuk 7 is de algemene discussie. De studies beschreven in 
dit proefschrift zijn uitgevoerd tegen de achtergrond van twee 
belangrijke klinische problemen binnen de orthodontie; lange 
behandelduur en relapse na een behandeling. Tandverplaatsing 
kan mogelijk worden versneld door medicijnen zoals relaxine, 
hoewel recente in vivo studies aangeven dat relaxine klinisch niet 
effectief is. Vermindering van relapse door remming van MMP’s 
met CMT’s is mogelijk haalbaar, maar verder dierexperimenteel 
onderzoek is vereist en de klinische toepassing moet verder 
worden getest. De in vivo studies over de ombouw van collageen 
in het PDL wijzen erop dat de ombouwsnelheid niet wordt 
beïnvloed door tandverplaatsing. Deze onverwachte ontdekking 
suggereert dat de oplossing van beide problemen binnen de 
orthodontie niet gezocht moet worden in het beïnvloeden van de 
ombouw van collageen, maar mogelijk in het beïnvloeden van 
andere biologische processen zoals de differentiatie, rekrutering 
en activiteit van osteoclasten.        
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